Dr. Homi Bhabha and Cosmic Ray Research iIn India

(B.V. Sreekantan, National Institute of Advanced Studies,
Bangalore)

Dr. Homi Bhabha 1is well known among the scientists
of India and the public at large as the Father of India s
Atomic Energy programme. What is not so well known however,
particularly among the younger generation is the fact that he
made outstanding contributions iIn the field of theoretical
physics and played a very important role in 1initiating and
fostering cosmic ray research in India. Thanks to the unique
start given by him in the 407s, cosmic ray research iIn India
grew iInto one of the Hlargest activities in the world covering
all aspects of the radiation iIn the 50’s and 60°’s. In
recognition of this, the Cosmic Ray Commission of the [1UPAP
held i1ts 7th International Conference on Cosmic Rays, one of
the earliest In the series at Jaipur iIn India in 1963. It i1s
most iInteresting and instructive to know how all this was
achieved and what exactly motivated a young man iIn his
thirties to 1iInitiate work in a highly sophisticated and
highly technology dependent field so early iIn India. Let us
look at the background of Dr. Bhabha and the times iIn which

he began his research.

Homi Bhabha at Cambridge

Homi  Bhabha was born on 30th October 1909 and had his
school education at the Cathedral and John Connon High School
in Bombay and his college education at the Elphinstone
College and the Royal Institute of Science. At the age of

18, he left for England to pursue Tfurther studies at



Cambridge. As desired by his parents, he completed his
Mechanical Tripos with distinction and pursuaded them to let
him do a Mathematical Tripos since his own iInterests were 1iIn
physics. Immediately after his second Tripos, he got a
travelling fTellowship and had the wonderful opportunity of
working for short periods with Wolfgang Pauli at Zurich and
with Enrico Fermi at Rome. In 1934, he was awarded the Issac
Newton Studentship at Cambridge which enabled him to complete
his Ph.D wunder R.H Fowler. He continued his research at
Cambridge till 1939. The research that he did during this
period had a direct bearing on the resolution of several
important issues of cosmic ray phenomena and the iInteractions
of particles especially electrons, protons and photons at
high energies, in the context of the developments 1iIn the
field of quantum mechanics and relativity. To appreciate
these contributions of Bhahbha 1t is necessary to become
familiar with the status of cosmic ray studies In the early
30’s.
Cosmic rays in the atmosphere: The ™"Soft” and “Penetrating-”
Components

The presence of a penetrating ionizing radiation of
extraterrestrial origin was established in 1912 by Victor Hess
through a series of manned balloon experiments. The name
"Cosmic Rays” was given to this radiation by Millikan 1n

1925.

Analysis of the radiation at Sea Level and mountain

altitude by a series of experiments with Geiger-Muller



telescopes and magnetic cloud chambers, revealed that the
radiation comprised two components with distinctly different
properties. One component called the soft component was
easily absorbed iIn a few centimeters of lead, quite
frequently muitipled in number 1iIn passing through thin sheets
of lead and also arrived at the observational level iIn
multiples - as a shower of particles separated by several
tens of centimeters. The second component, called
penetrating component could penetrate large thicknesses of
matter even a meter of lead, without multiplying. The only
fundamental particles that were known at that time were the
electrons, the photons, the protons and the alpha-
particles. To this small list two more were added iIn 1932,
the Neutron and the Positron. The position was discovered by
Anderson iIn a cloud chamber that had been set up to analyse
the cosmic ray beam. The positron discovery was a (great
triumph to the relativistic quantum mechanical formulation of
the theory of the electron achieved by Dirac at Cambridge.
Around the same time iIn the early 30 s, Blackett and
Occtialini who were also working at Cambridge had recorded
several instances of multiple charged particles which had
obvious non-ionizing links between pairs of them. These
events TfTitted beautifully the phenomenon of pair production
of quanta into electron-positron pairs according to Dirac s
theory. The calculations on the energy losses of charged
particles by Bethe and Heitler revealed several surprising
features - higher losses for lighter particles, (more for

electrons than for protons of the same energy), higher losses



In passing through matter of higher atomic number, and higher
losses at higher energies.

All these features <came iIn very handy 1In the
explanation of cosmic ray anomalies. Clearly, Bhabha was at
the right place at the right time. The very first paper of
Bhabha entitled "Zur Absorption der Hohenstrahlung™ published
in 1933 In Zeitschrift Fur physik was concerned with the
explanation of the absorption features and shower production
in cosmic rays. In 1936, Bhabha in collaboration with
Heitler formulated the cascade "theory of the electron”
according to which a high energy electron passing through
matter gave rise to a high energy photon by bremstrahlung
process and the photon iIn turn produced a pair of positive
and negative electrons; these In turn led to further
production of photons and the cascade process continued until
the energy of the particles fell below a critical value.
Carlson and Oppenheimer also developed a similar theory
simultaneously In the USA. Based on Bethe-Heitler cross
sections. Bhabha and Hietler made quantitative estimates of
the number of electrons iIn the cascade at different depths,
for different initiating energy of the electrons. These
calculations agreed with the experimental findings of Bruno
Rossi iIn cosmic ray showers. The problem of the “soft”

component was thus totally resolved.

In a classic paper entitled "on the penetrating

component of cosmic radiation communicated to the

proceedings of the Royal Society in July 1937, Bhabha made a



careful analysis of the experimental data on the soft and
penetrating components and concluded that a “breakdown” of
the quantum mechanical theory of radiation at higher energies
as proposed by some theorists would not explain the
experimental results on the latitude effect of cosmic rays
and the shape of the transition curve of large cosmic ray
bursts. He emphasized that these features would find a
natural explanation 1f cosmic radiation contained charged
particles of mass intermediatic between electron and proton

masses and set the mass as ~100 electron masses.

Around the same time, Neddermeyer and Anderson and
Street and Stevenson discovered iIn their cloud chamber
experiments, charged particles of iIntermediate mass whose
mass was set at ~ 200 electron masses. The name meson” was

given to this new particle.

In a paper in Nature iIn 1938, Bhabha predicted that
this meson would be unstable and would probably decay into
an electron and neutrino. The phenomenon of meson decay was
helpful 1n resolving anomalous absorption of the penetrating
component iIn the atmosphere. The relativistic elongation
of time as predicted by the special theory of relativity was

confirmed through meson decay experiments.

Dr. Bhabha and Cosmic Ray Research at the Indian Institute of
Sc ience. Bangalore

Bhabha came on a brief holiday to India in 1939. He
could not go back to England as planned, since the second

world war broke out iIn September 1939, and there was the



prospect of heavy bombing over England by the Germans.
Bhabha decided to stay back in India for a while. This
decision turned out to be a turning point, a 1landmark not
only iIn the academic career of Bhabha, but also in the
advancement of Indian Science and Technology iIn the post

independent era.

Bhabha joined the Physics Department of the Indian
Institute of Science, headed by C.V. Raman. He got a special
grant from the Sir Dorabji Tata Trust. He gathered some
students to work with him iIn theoretical particle physics and
one of them was Harish Chandra, who later held a
professional chair In mathematics at the Princeton Institute

of Advanced Studies.

In parallel, Bhabha also started experimental work in
cosmic rays. He was cognisant of the unique advantages of
India for work iIn this field - wide range of latitudes from
equator iIn the South to 25 degrees North iIn Kashmir within
the boundaries of a single country; mountain stations iIn the
south and north and the deepest mines iIn the world. Millikan
had come all the way from U.S. to do experiments at several
stations iIn India in the mid 30"s.

With a wuniquely designed GM telescope, which Bhabha
built with the help of S.V.C. 1lya, the penetrating particle
intensities were measured at altitudes of 5000, 10,000,
15,000, 20,000, 25,000 and 30,000 ft, using a B-29 bomber
Air Craft belonging to the U.S. Air Force. These constituted

the first measurements at such high altitudes 1iIn an



equatorial latitude. Comparison with the measurements of
Schein, Jesse and Wollan iIn the U.S.A., established that no
marked iIncrease of iIntensity occurred between 3.3 degrees
north and 52 degrees north even at an altitude of 30,000 ft.,
iIn contrast to the total iIntensity which exhibited very

pronounced latitude effect at such altitudes.

At the Indian Institute of Science, Bhabha also got
constructed a 12" diameter cloud chamber 1identical to the one
operating iIn Manchester. R.L. Sengupta, who had worked 1n
Blackett’s Laboratory helped Bhabha iIn the design and
construction of this chamber, which was used by M.S. Sinha to
study the scattering characteristics of mesons. Vikram
Sarabhai set up a telescope to study the time variation of

cosmic ray intensity.

Bhabha and Cosmic Ray Research at the Tata Institute of
Fundamental Research

While at the Indian Institute of Science, Bhabha
recognised the need for setting up 1In the country an
institute solely devoted to the pursuit of fundamental
research especially iIn the area of nuclear science that was
emerging as a virgin area of fundamental science. The
developments in the field of cosmic ray studies and 1iIn the
area of nuclear physics with accelerators had convinced
Bhabha that the future lay iIn these areas. with financial
support from the Sir Dorabji Tata Trust and the Government of
Maharashtra, Bhabha established the Tata Institute of

Fundamental Research iIn Bombay in June 1945. The TIFR became



an aided institution under the Department of Atomic Energy
later and was recognised as the National Centre for Nuclear
Science and Mathematics by the Government of India. Bhabha
himself used to say that TIFR was the "Cradle of the Atomic
Energy Programme™ of the country. Bhabha was the Director of
TIFR from 1945 to January 1966 - till his untimely death 1iIn a

tragic air crash on the Alps.

The TIFR naturally started with a major experimental
programme 1In cosmic rays, taking cognisance of the fact that
cosmic ray research had entered its second phase the world
over. The Pi-meson as the parent of the Mu-meson was
discovered in 1947 by Powell and his collaborators at the
university of Bristol exposing the newly developed high
sensitivity nuclear emulsions in the Jangfraujoch mountains
in  Switzerland. Rochester and Butler discovered the same
year the VO particles, which were later identified as the K-
mesons and Hyperons through nuclear emulsion experiments by
several groups. Bradt and Peters discovered around the same
time the presence of ~-particles and other stripped heavy
nuclei in the primary cosmic vradiation which consisted
predominantly of protons. Also, most iImportantly, the act of
meson production had been caught both iIn nuclear emulsions

and i1n multiplate cloud chambers.

With these developments, the new directions of cosmic
ray research had become clear. To enter the iInternational
arena in this field, the emphasis had to be on (1) the

investigations on the primary component - spectrum,



composition, anisotropy of arrival directions; relative
proportions of rare nuclei, electrons, gamma-rays (ii1) the
detailed study of the characteristics of nuclear collisions
of the primaries as well as of the secondaries produced iIn
these collisions (ii11) the studies on the penetrating
components - muons and neutrinos in deep underground
installations (iv) studies on the Extensive Air Showers
initiated in the atmosphere through the nuclear and
electromagnetic cascades by the primaries (v) Study of the
radio i1sotopes produced by cosmic rays (vi) time variation
studies on cosmic ray intensity and correlations with solar

activity.

These multidimensional studies to be carried out In a

variety of locations with specially designed detector

systenms, required the development iInhouse of a variety of
technologies - to name a few - Plastic Balloon Fabrication
Technology, fabrication of GM counters, plastic

scintillators, multiplate cloud chambers, pulsed electronic
circuits and even a digital computer. Thanks to the
organisational genius of Bhabha, all this was done iIn a
record time in TIFR itself. The Indian iIndustry was very
backward iIn the 40’s and 50°s and 1import was jJust not
thinkable because of shortage of foreign exchange and the
enormous delays of transportation. The cosmic ray programme
did get a fillip In the 50°s by Bernard Peters, the co-
discover of heavy prim£¥§ and M.G. K. Menon who worked for

8 years 1n Powell’s Laboratory, joining the Nuclear Emulsion



Group of TIH-..

At the International Conference on Cosmic Rays held at
Bagneres i1n 1953, TIFR made 1ts first impact by presenting
very significant results on K-Mesons and Hvperons obtained
from the analysis of emulsion stacks exposed at Hyderabad.
The emulsion group kept a high profile of original
contributions iIn the Tfield of high energy interaction
studies, the relative abundances of Li, Be and B iIn the
primaries, Hyperfregments and on the spectrum of primary
electrons. The deep underground experiments iIn the Kolar
Gold Fields initiated at the instance of Dr. Bhabha as early
as 1950, and which continued for more than four decades, till
1994, was another [line of activity iIn which pioneering
contributions were made - most accurate mu-meson iIntensity
and angular distribution measurements upto very high
energies, detection of neutrino induced iInteractions with a
visual detector, limits on the lifetime of protons etc.
These i1nvolved very large scale installations and also
international collaborations. Extensive Air Shower Array
with a variety of detectors for different components,
scintillators, Cerenkov Counters, Total Absorption
Spectrometer, Multiplate Cloud Chamber started operating Iin
the late 50°s iIn the mountain station at Ooty - the time
structure measurements of hadrons with the Total Absorption
Spectrometer, led to the first recognition of increased cross
section for the production of nucleons and antinucleons at
high energies. Dr. Bhabha, when he visited the Ooty

Laboratory in 1964, was thrilled to see the world’s largest

10



multiplate cloud chamber operating there. This cloud chamber
gave unique iInformation on the highest energy jets produced
by the incidence of several parallel hadrons. At the ,olar
Gold Fields, a second air shower array was set up at the
surface of the mines with large area detectors at several
depths underground that recorded the associated very high
energy muons. This set up gave very valuable i1nformation on
the composition of the primaries in the crucial knee region
14 16

10 - 10 ev.

In a short article like this i1t is difficult to do full
justice and bring out the full flavour and ramification of
all the work iIn cosmic rays that got 1iInitiated at the
instance of Dr. Bhabha. Dr. Bhabha®s was a multidimensional,
many splendoured personality that influenced not only Cosmic
ray research, but many other fields too. But cosmic rays
were very dear to him, all through his life, may be because

his very first paper was on Cosmic Rays.

Even 86 years after the discovery of Cosmic Rays, 50
years after entering the second phase, despite cold”*sal
efforts by groups all over the world, not a single source of
cosmic rays of high energy ¢ 20 Gev) has been 1i1dentified
even though 1t 1is firmly established that the spectrum
extends beyond 10 ev. The mechanism by which particles are
accelerated to such high energies is also not known. The
high rotating magnetic field environments of the neutron
stars in Pulsars in the galaxy and the extraglactic Active

Galactic Nucler with suspected giant blackholes 1In their

11



centre are thought to be the strongest candidates. Gigantic
Multiplex installations are coming up to settle this
question. What other exotic particles are there among the
primaries and what new particles are produced In super high
energy collisions are other aspects which are receiving
special attention in the design of next generation cosmic ray

experiments.
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Editorial

N Mukunda, Chief Editor

A recently published book Portraits ofDiscovery by astronomer
and science writer George Greenstein, describing the lives and
achievements of ten scientists from different parts of the world
over the past century or so, refers to Homi Jehangir Bhabha as “A
Gentleman of the Old School”. It is often illuminating to see
what others, far removed from us, have to say about us and our
problems. Presuming that there is a basic sympathy in outlook,
we can expect some objectivity in their assessments. In his Pro-
logue Greenstein says:

‘Most of Homi Bhabha’s work was concerned with the
development of science in India, a nation beset by problems so
overwhelming as to make the practice ofscience incomparably
more difficult than here.”

There seems to be a hint that even in the USA the pursuit of
science faces difficulties! Towards the end of his account
Greenstein remarks:

“In thinking ofthis man, the image perpetually rises to my mind

ofone ofthose great, larger-than-lifefigures ofthe Renaissance
»

Bhabha was an aristocrat in many ways: by birth, in his tastes, and
in his way of life. There also seems to have been a distance between
him and those with whom he otherwise worked closely. But all
this seems to have been necessary for him to have had visions on a
truly grand scale, and to have translated them into reality. Quoting
Greenstein again:

“There is not the slightest doubt in my mind that Bhabha would
never have achieved what he achieved had it not been for his
aristocratic background and personal connections.

A great deal has been written on the contrasting attitudes of
Homi Bhabha and, say, Megh Nad Saha on what needed to be
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“Art, music,
poetry, and
everything else
that 1 do have this
one purpose -
increasing the
intensity of my
consciousness
and life".

— HomiJehangir
Bhabha

done to revitalise Indian science. Here we want to tell our readers
something about Bhabha’s achievements in physics and other
creative pursuits. G Venkataraman, the author of Homi Bhabha
and his Magnificent Obsession published not long ago, gives a brief
life sketch: Bhabha’s educational career, the years in Cambridge
and in Europe devoted to physics, and then the Indian period. At
Cambridge Bhabha was a student of R H Fowler for his PhD (So
were, incidentally, Paul Dirac and Subrahmanyan Chandrasekhar).
Then comes the period he spent at the Indian Institute of Science,
Bangalore, as aresult of circumstances connected with World War
II. Through extracts from his letters to his parents and others, on
various pages of this issue, we see an expression of his passion for
physics; and later ofhis realisation that he saw a mission for himself
- the creation of conditions in India where world class science
could be pursued.

B V Sreekantan (a student of Bhabha) describes the origins of
cosmic ray physics, Bhabha’s deep involvement in this Field, and
how after the decision to settle in India he created and led a major
experimental and theoretical effort in this area. Bhabha’s best
remembered contributions to physics are his analysis of electron-
positron (Bhabha) scattering, and the cascade theory of cosmic ray
showers.

In the Reflections section we reproduce Bhabha’s scholarly
presidential address to the 1951 session of the Indian Science
Congress. Considering the occasion, the range of ideas covered is
remarkable: the meaning and philosophy of natural law, the
importance of quantification, the developments of relativity and
quantum mechanics, and elementary particle physics at that time.
As fruits of his artistic talent, we present a couple of his paintings.
And what better way to conclude than by quoting Bhabha himself:

‘Art, music, poetry, and everything else that | do have this one
purpose - increasing the intensity of my consciousness and life™.
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Homi Bhabha - A Profile

These days, young people dream of going abroad even before fhey have completed their studies, often
for settling there permanently. Nearly sixty years ago, a young man made the journey in the reverse
direction. After spending thirteen years in Cambridge, at thattime the Mecca of Physics, Homi Bhabha,
then aged twenty nine, came back to India not only to settle down permanently butto change herdestiny
as well.

HomiJehangir Bhabha was born on 30 October, 1909 in Mumbai (then Bombay). The house he was
born in was later destined to be the cradle of India's Nuclear Energy Programme! Young Homi was
educated atthe Cathedral and John Connon High School. Absolutely brilliantin studies, he became a minor
celebrity Homiwas avoracious reader and his father's wonderful collection helped him to greatly broaden
his outlook. In addition, he was also keenly interested in art as well as music (particularly western).

After passing the Senior Cambridge Examination and studying for a couple of years in the Royal
Institute of Science, Mumbai, Bhabha wentto Cambridge for higher studies. His father wanted Homi to
specialise in mechanical engineering sothat he could, on return, enter the corporate world ofthe Tata group
of industries and rise to a high position there. But things did not work out that way. Bhabha found that
rightthen, physics was going through a major revolution, a good bit ofthe action being in Cambridge itself.

So he wrote to his father:

/seriously say to you thatbusiness orjob as an engineeris not
the thing forme. ltis totally foreign to my nature and radically
opposedto mytemperamentand opinions. Physicsis myline
...lam burning with a desire to do physics. / willand must

do it sometime. Itis my only ambition.

The father was understanding and allowed Homi to study for the Mathematical Tripos, after
completing the Mechanical Tripos. In 1932, Bhabha won the Rouse Ball Travelling Fellowship which enabled
him to work with Pauli in Zurich and Fermi in Rome. Later, the Isaac Newton Studentship allowed him to
spend some time in Niels Bohr's Institute in Copenhagen. In between, Bhabha completed his PhD thesis
under the supervision of RH Fowler, who was also the supervisor for SChandrasekhar

In Cambridge, Bhabha discovered what is now referred to as Bhabha scattering, a phenomenon
whose existence has been confirmed experimentally. In addition, he developed, in collaboration with
Walter Heitler, a theory for cosmic-ray showers, known as the cascade theory Both these contributions
made Bhabha quite well known in physics circles.

In early 1939, Bhabha came backto India for what was supposed to be a brief holiday. Meanwhile,
the second World War broke out, and the holiday turned into a permanent stay. War severely disrupted
the scientific scene in Europe, and itwas clear that Bhabha would have to look for a job in India. Thanks
to hisreputation, he received a few offers from some Universities but inthe end, he joined the Indian Institute
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of Science, Bangalore, Here, with a small grant from the Sir Dorab Tata Trust, he started working on
cosmic rays.

Inthe Bangalore period, Bhabha concentrated mainly on theory and discovered what is known as
the Bhabha equation. Apart from this, he briefly collaborated with Harish-Chandra, later to win fame
as a mathematician. Bhabha also tried his hand with experiments, building Geiger-counter telescopes
and flying them in air force planes, to study cosmic ray behaviour at high altitudes.

By 1944 it became clear that the war, at least in Europe, was drawing to a close. Bhabha was
in two minds about what he should do. Should he go back to the West, which offered so many
opportunities, or should he stay? He wrote to his friend JRD Tata seeking his advice, adding that he
was ready to continue in India as "it is one's duty to stay in one's own country and build up schools
comparable in other lands." JRD encouraged Bhabha to approach the Sir Dorab Tata Trust. Bhabha
promptly did so, and in March 1944 he wrote to the Trust seeking grants and promising

to build up in the course o ftime a School
o fPhysics comparable with the bestanywhere.

Prophetically, he also declared that when the time came, the School would provide the experts
needed for exploiting nuclear energy, and that India would not have to look for such experts overseas

Events now moved rapidly. With a small grant of less than Rs 1lakh per year (of which the Tata
Trust's contribution was Rs45,000/-) Bhabha founded the TIFRon June 1,1945. Itstarted functioning first
in Bangalore but by December, Bhabha had TIFR shifted to Mumbai, locating itin the very house he was
born in!

Inthe beginning TIFRconcentrated exclusively on cosmic rays and mathematics, butas brightyoung
people came forward to join it, it rapidly expanded in size as well as scope. Meanwhile the country
became independent, and Bhabha, on account of his closenessto Nehru, was given the task of steering
the country's nuclear energy programme. Bhabha's enthusiasm was infectious, and itwas like a breath
of fresh air in a country notorious for its negative and bureaucratic thinking (which, alas, persists). Both
TIR and the Indian Atomic Energy Programme blossomed in a few short years to proportions
unimaginable and beyond all expectations.

Bhabha was a thorough-bred theoretical physicist, deeply influenced by Dirac. Yet, when itcame
to matters of technology, he was second to none. He also laid the seeds for our very successful space
programme, which later Vikram Sarabhai and Satish Dhawan nursed with loving care. Afterthe Chinese
attack on India in 1962, Bhabha realised our backwardness in electronics and worked hard to prepare
a masterplan to help the country leapfrog in this vital area. Unfortunately, he died before the report he
had prepared (called the Bhabha Committee Report) could be submitted. Later, like all reports, this one
too collected dust, and we never made the big jump in electronics we could have.

Bhabha was riding high, all the time reaching new pinnacles, butdeath came suddenly. InJanuary
1966, Bhabha was on his way to Vienna to attend a meeting As his Air India plane descended to land
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inGeneva, itcrashed into Mont Blanc. All the passengers including Bhabha perished. His body was never
found. For the nation, it was an irreparable loss.

Bhabha was not merely a gifted scientist, and an able technocrat; he was much more. He was an
artist, and a connoisseur of all the good things in life - art, music, literature, architecture, landscaping,
gardening, Many hailed him as a modern Leonardo while JRD referred to him as an authentic genius
He represented the best in both science as well as culture, often regarded as unbridgeable. Expressing

the sorrow of the nation, Indira Gandhi said of him:

He was a scientisto fgreatoriginality. He was an artistendowed with unusual
sensitivity. His interestin music was as serious as it was deep. The flower beds,
the landscaping, the architecture ofbuildingsin Trombay, allbear witness to
HomiBhabha'sperception ofcolour, form and design. India willlong cherish
HomiBhabha's memory, forhe was deeply involvedin her destiny and in the

process ofchanging the texture and quality other society.

Way back in 1928, Bhabha told his father: "Who says we can't do science in India?" Not only did he
convincingly demonstrate later that he could, but, more important, he made it possible for hundreds if not

thousands of others also to do likewise.
G Venkataraman

Vice-Chancellor

Sri Sathya Sai Institute of Higher Learning, Anantapur, India

Albert Einstein, Hideki Yukawa,
John Archibald Wheeler and
HomiJehangir Bhabha in Princeton
around 1950.
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T P Radhakrishnan

Molecular materials represent an area of fruitful inter-
action between synthetic chemistry, solid state physics
and materials science. Thisarticle discusses the develop-
ment of magnetic materials based on metal complexes,
organometallic compounds and organic radicals.

Introduction

In Part 1ofthis series of articles the historical background ofthe
development of molecular materials was presented. The subtle
interactions exploited in their design and the various methods of
fabrication were reviewed. Part 2 provided an overview ofliquid
crystals and molecular semiconductors, conductors and
superconductors. In the present article we focus attention on

molecular magnetic materials.

We outline the early development of magnetic materials based on
coordination polymers and molecular systems in which metal
ions serve as the source of the magnetic moment. The intense
research efforts that followed to develop magnetic materials
based on organic radicals are reviewed.

Molecule-based Magnetic Materials

Forcenturies after the discovery ofthe naturally occurring magnet,
Fed 4 most of the magnets that were fabricated and used were
based on the compounds and alloys of elements such as iron,
cobalt, nickel and gadolinium which are themselves ferromagnetic
in their bulk state (Box 1). Therefore the idea of designing and
fabricating aferromagnetic solid starting with simple paramagnetic
units and controlling its magnetism using synthetic
manipulations, emerged as a fascinating problem. Naturally, the
initial attempts in this direction were based on paramagnetic
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Box 1. Paramagnetism, Ferromagnetism, Antiferromagnetism and Ferrimagnetism

A toms, ions, molecules and solids having unpaired electrons when brought under the influence of a
/ A m aagnetic field, develop a net magnetisation (alignment of the spins) and are attracted into the field.
Such materials are described as paramagnetic. In the absence of unpaired electrons, paramagnetism can still

how up if the nucleus has a spin; however, nuclear paramagnetism is usually much weaker than electron
paramagnetism. Systems having only paired electrons are described as diamagnetic and these are repelled
from a magnetic field. Most organic molecules are diamagnetic. Metal ions such as Mn2+and Cu2+and
their complexes, organic free and ion radicals and molecules such as 0 2and NO are good examples of
paramagnetic systems. Paramagnetism is characterised by the magnetic susceptibility, % the variation of
the magnetisation with respect to the applied magnetic field. The paiamagnetic susceptibility varies
inversely with the temperature and this behaviour is known as the Curie law.

ANTIFERROMAGNET

Magnetisation Ir_1 some mat_erials such zfls ir(_)n, cobalt and

1 nickel the spins can remain aligned parallel,

Saturation magnetisation even in the absence of an external magnetic

field. This is possible due to an internal field

arising as a result ofa cooperative interaction

Coercive field Magnetic Field between the spins. Such materials having a

spontaneous magnetisation are referred to as

ferromagnets. It can also happen that the

internal field causes each spin to align

antiparallel with respect to its nearest neigh-

bours. Such a phenomenon is called anti-

ferromagnetism. Famous examples of

HYSTERESIS IN A FERROMAGNET antiferromagnets are metal compounds such

as MnO, MnF, and NiO. Ferrimagnetism is

a special case of antiferromagnetism, where the neighbouring spins which arc aligned antiparallel are of

unequal magnitude so that a total cancellation of the magnetic moments does not occur. The best example

ofaferrimagnet is the mineral 'magnetite’ (Fe3”). At certain characteristic temperatures, ferro. antiferro

and ferrimagnets undergo phase transition to the paramagnetic state. This temperature in the case of a

ferromagnet is referred to as the Curie temperature. In the paramagnetic regime of ferromagnetic

materials, the susceptibility rise with lowering temperature is stronger than in the case of simple Curie

paramagnets. In the paramagnetic regime of antiferromagnets (i.e. above its phase transition temperature,

namely the Neel temperature,”), the susceptibility increase on lowering temperature is weaker than in
paramagnets. Several other kinds of complex magnetic orderings are possible in solids.

Remanence

Continued...
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When a ferromagnet is subjected to an increasing magnetic field, the magnetisation increases and reaches
a constant value known as the saturation magnetisation. If the applied field is then reversed, the
magnetisation decreases but does not become zero when the applied field is reduced to zero. The
magnetisation at zero field is called remanence. The reversed magnetic field required to bring the
magnetisation back to zero is known as the coercive field. This nonreversible behaviour of the
magnetisation against the applied magnetic field is termed hysteresis and is an important characterisation
of a ferromagnet. The magnitude of the spontaneous magnetisation, remanence and coercive field
determine the type of application that a ferromagnet can be put to.

Figure 1. Examples of
ferromagnetic and ferri-

magnetic coordination
polymers.

10

metal ions as the spin centres. The basic idea is to build chains
or sheets of these metal ions with appropriate bridging ligands
so that the desired magnetic interactions between the ions could
be achieved. The magnetic coupling between the metal ion
spins is often controlled by what is known as the ‘superexchange
interaction’, in which the spins communicate through the inter-
vening ligand orbitals. Hence the nature of the participating
ligand orbitals and their orientation with respect to the metal
orbitals are crucial. The metal ion - ligand - metal ion angles
and metal ion - metal ion distances play a decisive role in deter-
mining the nature of spin interactions. Impressive success was
achieved in this area leading to the fabrication of a variety of
metal coordination polymers with inierésting magnetic
properties; an example isthe ferromagnetic Cu(Il) chain polymer
shown in Figure 1. Research on these materials has also provided
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asound understanding ofthe fundamental principles of magnetic
interactions in low-dimensional lattices.

The dominant tendency towards antiferromagnetic coupling of
spins arising from the bonding interaction between orbitals is a
serious problem in the design offerromagnetic materials. However,
this inherent antiferromagnetic interaction has been exploited by
designing ferrimagnetic polymers based on systems such as the
mixed Mn-Cu complexes (Figure 1) wherein the Mn2+and Cu2+
ions bear respectively 5/2 and 1/2 spins.

In all these systems the spin is resident on a metal ion centre
which is not amenable to chemical modifications. Any fine-
tuning of the magnetism is based on the modifications of the
bridging ligands or counterions. Simultaneously with the
development of these magnetic materials based on coordination
polymers, theoretical ideas were mooted which suggested the
possibility of designing ferromagnetic interactions between
molecular spin systems; the basic spin units would be organic
free radicals or molecular ion radicals or even paramagnetic
;;rganometallic systems. The first success in this direction was
the discovery of a ferromagnetic phase transition at about 4.8 K
in the charge transfer complex, decamethylferrocenium-TCNE
(Figure 2). This could be considered the first molecule-based
magnetic material. The versatility of molecular materials is
demonstrated by the profound changes in the magnetic proper-
ties effected by alterations of the components in this charge
transfer complex (Figure 2). The latest in this class of materials
is the TCNE complex of vanadium containing molecules of the
solvent, dichloromethane (V(TCNE)xyCH2CI2). This compound
is found to be ferromagnetic at ambient temperatures; however,
* is handicapped by extreme chemical reactivity and the
consequent need to preserve it under inert atmosphere. The
origin of ferromagnetism in these materials has been a subject of
considerable debate. The contribution of high spin charge
transfer excited states was considered important in the
mechanisms proposed initially. It has been argued later that the
direct interaction of spin densities between the radical

_wav\]_ ______
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Figure 2. Decamethyl-
ferrocene-TCNE complex;
magnetic properties of
charge transfer complexes
of metallocenes with
organic n-acceptors.

Fabrication of a
completely metal-
free ferromagnet
continued to be a
challenge for
materials

chemists.
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Decamethylferrocenium-TCNE

[FrftaM~jfFCNEJ
[Fe"l(C5Me5)2)+[C3(CN)5r paramagnetism
[Nil"(C5Meb) 21 [TCNE] - antiferromagnetism
[Fem(C5Me5 2T [TCNE]- ferromagnetism
[Cr™'(C5Me5) 2+ [TCNE]- ferrimagnetism
[Fem(C5Me5 2]+ [TCNQ] metamagnetism

components is more significant. We discuss the latter mechanism
in the following section.

Organic Magnetic Materials

Fabrication of a completely metal-free ferromagnet continued
to be a challenge for materials chemists. Since purely organic
radicals are not difficult to come by (Figure 3), the focus of the
effort is to attain a ferromagnetic coupling of these spins in the
solid state. Unlike in metal-based systems where the unpaired
electron spin is largely confined to the metal ion centre, in
molecular spin systems the unpaired electron is delocalised over
the various atoms that constitute the molecule (compare with
the discussion of charge distribution in Part 1 of this series).
The contribution of each atomic site to the total spin is called
the spin density at that site; these spin densities can be positive

!5 RESONANCE | July 1998
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Figure 3. Examples of
stable organic radicals,
neutral and ionic.

or negative. As noted earlier, bonding tendencies between
orbitals lead to preferential antiferromagnetic coupling of spins.
One of the ideas proposed to obtain ferromagnetic spin coupling
between molecular spin systems was to achieve a packing of the
molecules in such away that the regions of positive spin densities
on one molecule would be in close contact with regions of nega-
tive spin densities on the neighbour and vice versa. This would
make the products of spin densities on one radical with the spin
densities on the second radical predominantly negative, which
in turn coupled with the inherent negative exchange interactions
lead to an effectively positive or ferromagnetic spin coupling.

The following is a fine experimental demonstration of how
molecular design influences the nature ofspin coupling between
neighbouring radicals as dictated by the above principle. jp-Ni-
trophenyldiphenylverdazyl (NPDYV in Figure 4) is a stable radical
that shows antiferromagnetic spin interactions at low
temperatures as seen from the dip of the value. When an
extra phenyl group is substituted on the verdazyl moiety to
make NPTV, the low temperature spin interactions do a volte-
face and become ferromagnetic. This interesting phenomenon

RESONANCE ! July 1998
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ferromagnetic
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Figure 4. Ferro and anti-
ferromagnetic interactions
in verdazyl based radicals.
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Crystals of
p-NPNN below 1K
provided the first
example of a
ferromagnet based
on a purely organic
molecule
containing only C,
H, N and O atoms.
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may be explained on the basis of the spin density interaction
model. In the crystals of NPDV, the adjacent radicals have
regions of the same spin densities in close proximity. The extra
phenyl group in NPTV creates a steric hindrance that causes one
molecule to slip with respect to its neighbour so that regions of
opposite spin densities on the neighbouring radicals come close
together. Thus the mode of spin coupling is antiferromagnetic
in NPDV and ferromagnetic in NPTV. Though ferromagnetic
spin interaction is obtained in NPTV, this crystal does not
undergo a phase transition to a ferromagnetically ordered state.
The idea ofspin density interaction was successfully implemented
in crystals of the stable radical, p-nitrophenylnitronylnitroxide
(p-NPNN in Figure 3) which undergoes phase transition to a
ferromagnetically ordered state below IK. Though the Curie
temperature is extremely low, this material provided the first
example of a ferromagnet based on a purely organic molecule
containing only C, H, N and O atoms. Several related systems
based on the nitronylnitroxide radical are found to become
ferromagnetic at similar low temperatures.
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Another interesting case of an organic ferromagnet is based on,
by now familiar, buckminsterfullerene (recall the C®& based
superconductors mentioned in Part 2 of this series). The charge
transfer complex between the powerful electron donor TDAE
and C@) (Figure 5) was found to undergo a phase transition to a
ferromagnetic state at about 16K. The resulting magnetic
material is found to have small coercive fields and is termed a
soft ferromagnet. Like the .K-doped fullerene superconductors,
this material also is plagued by extreme chemical reactivity.

There have been extensive efforts to realise experimentally,
ferromagnetic spin interactions in organic oligo and polyradicals.
A simple connectivity principle can be used to visualise the
magnetic interactions. Ifradical sites occur at locations separated
by an odd number of 7t-electrons on a conjugated polymer, the
resulting spin polarisation along the conjugation pathway should
lead to a ferromagnetic alignment of the spins at the radical
sites; when the sites are separated by an even number ofelectrons,
the magnetic coupling will be antiferromagnetic (Figure 6).
Basic entropv considerations show that long range ordering is

RESONANCE i July 1998

Figure 5. Buckminster-
fullerene (Cs) and tetrakis
(dimethylamino)ethylene
(TDAE) .

Figure 6 Representation of
spin polarisation leading
to ferro and antiferro-
magnetic spin coupling in
polyradical fragments.
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Figure 7. Examples of high
spin organic oligoradicals.
Note that the structure on
the right is made of
carbene units, each with
two unpaired electrons,
leading to a grand total of
18 parallel spins.

A well
characterised
organic polymer
ferromagnet is yet

to be realised.
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impossible at finite temperatures in one-dimensional systems;
taking cognisance of this, ferromagnetic materials may be
designed based on 7t-conjugated two-dimensional networks with
appropriately placed radical sites. These ideas have been
discussed at the theoretical level in several different ways and
extensive experimental work has been carried out. Even tentative
claims of the synthesis of polymeric ferromagnets have been
made and disproved later. Success has been limited to achieving
small spin clusters based on some carefully designed and
synthesised compounds; some interesting examples of high spin
oligoradicals reported in the literature are provided in Figure 1
A well characterised organic polymer ferromagnet is yet to be
realised. One ofthe major problems with organic polyradicals is
the high chemical reactivity that results in extensive loss of the
spin centres. Investigation of composite systems containing
paramagnetic metal ion spin sites and stable organic radicals
like nitrosyl molecules is becoming increasingly popular.

The promise of realising magnets based on materials such as
organic polymers and organic charge transfer complexes
continues to fascinate materials chemists. These novel materials
would provide valuable insight into the mechanism of spin
interactions between electrons in sand p orbitals on light atoms.
Combination of the mechanical properties of polymers and
magnetism would be invaluable in several device applications.

-AH*
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Concluding Remarks Combination of the

We have made a brief survey of the development of molecule-
based magnetic materials. Once again the focus has been on the
basic philosophy of optimisations at the molecular level leading
to the control of bulk material properties. The unifying theme
of how the assembly of the molecular units determines the

mechanical
properties of
polymers and
magnetism would
be invaluable in
several device

material attributes is underscored throughout. In the case of

. . . . . . applications.
magnetism, this has to do with the interaction of the spin
densities of adjacent radicals. In the next part of the series, we
will consider potential non-linear optical applications of
molecules and polymeric systems. Address for Correspondenc

T P Radhakrishnan

Suggested Reading School of Chemistry

University of Hyderabad

O Kahn. Molecular Magnetism. VCH. New York, 1993. Hyderabad 500 046, India

| seriously say to you that business or job as an engineer is not the thing

for me. It is totally foreign to my nature and radically opposed ro my

temperament and opinions. Physics is my line. | know I shall do great

things here. For, each man can do best and excel in only that thing of
which he is passionately fond, in which he believes, as | do, that he has the ability to do
it, that he is in fact born and destined to do it. My success will not depend on what A
or B chinks of me. My success will be what | make of my work. Besides, India is not a
land where science cannot be carried on ... | am burning with a desire to do physics. |
will and must do it some time. It ismy only ambition. | have no desire to be a ‘successful’
man or the head ofa big firm. There are intelligent people who like that and let them
do it. I hear you saying ‘But you are not Socrates or Einstein’. No - and that is what
Berlioz’s father said to Berlioz. Berlioz who is now' accepted as one ofthe world’sgreatest
geniuses and France’s greatest musician. How can anybody else know at what time
what one will do, if there is nothing to show. ... It is no use saying to Beethoven “You
must be a scientist for it is a great thing’, when he did not care two hoots for science; or
to Socrates Be an engineer; it is the work of an intelligent man’. It is not in the nature
of things. | therefore earnestly implore you to let me do physics.

HomiJ Bhabha in a letter to his father, 1928.

RESONANCE | July 1998

e

17



GENERAL | ARTICLE

Homi Bhabha and Cosmic Ray

B V Sreekantan is
currently the
Sir S Radhakrishnan
Visiting Professor at the
National Institute of
Advanced Studies,
Bangalore. He was
Director of Tata
Institute of Fundamental
Research , Mumbai
during the period 75-87.
He obtained his PhD
from Bombay University
in 1954 for his work on
‘underground cosmic
rays’ under the guidance
of Homi Bhabha.

Research in India

B V Sreekantan

Cosmic rays are very high energy particles arriving from
the depthsofspace and incident on the earth’s atmosphere
atall places and at all times. The energy ofthese particles
extends over 12 decades from around 109ev to 102Lev and
mercifully for the survival of life, the intensity falls by
atleast 22 decades from about 100 particles/cm2s to 1
particle/1000 km2year. Cosmic ray research led to the
discovery of many of the fundamental particles of nature
in the 30’s, 40’s and 50’s of this century and ushered in
the era of ‘elementary particle physics’ at man-made
accelerators. Even 86 years after the discovery, the sources
of these particles and the mechanism of acceleration
continue to remain a mystery.

Homi Bhabha who became famous for his ‘cascade theory
of the electron’ in the 30’s did pioneering theoretical and
experimental research in this field during his post doctoral
fellowship in Cambridge and later at the Indian Institute of
Science in Bangalore. The Tata Institute of Fundamental
Research, which he founded in 1945, became under his
leadership, amajor centre of cosmic ray research covering
practically all aspects of the radiation and continues to be
active in this field.

Homi Bhabha is well known among the scientists of India and
the public at large as the ‘Father of India’s Atomic Energy
Programme’. What is not so well known however, particularly
among the younger generation is the fact that he made
outstanding contributions in the field of theoretical physics and
played a very important role in initiating and fostering cosmic
ray research in India. Thanks to the unique start given by him in
the 40’s, cosmic ray research in India grew into one ofthe largest

W
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activities in the world covering all aspects of the radiation in the
50’sand 60’s. In recognition ofthis, the Cosmic Ray Commission
of the IUPAP held its 7th International Conference on Cosmic
Rays, one of the earliest in the series, at Jaipur in India in 1963.
It is most interesting and instructive to know how all this was
achieved and what exactly motivated a young man in his thirties
to initiate work in a highly sophisticated and highly technology
dependent field so early in India. Let us look at the background
of Bhabha and the times in which he began his research.

Homi Bhabha at Cambridge

Homi Bhabha was born on 30th October 1909 and had his school
education at the Cathedral and John Connon High School in
Bombay and his college education at the Elphinstone College
and the Royal Institute of Science At the age of 18, he left for
England to pursue further studies at Cambridge. As desired by
his parents, he completed his Mechanical Tripos with distinc-
tion and persuaded them to let him do a Mathematical Tripos
since his own interests were in physics. Immediately after his
second Tripos, he got a travelling fellowship and had the won-
derful opportunity of working for short periods with Wolfgang
Pauli at Zurich and with Enrico Fermiat Rome. In 1934, he was
awarded the lIsaac Newton Studentship at Cambridge which
enabled him to complete his PhD under R H Fowler. He conti-
nued his research at Cambridge till 1939. The research that he
did during this period had a direct bearing on the resolution of
several important issues of cosmic ray phenomena and the inter-
actions of particles especially electrons, protons and photons at
high energies, in the context of the developments in the field of
quantum mechanics and relativity. To appreciate these contri-
butions of Bhabha it is necessary to become familiar with the
status of cosmic ray studies in the early 30°s.

Cosmic Rays in the Atmosphere: The ‘Soft’ and
‘Penetrating’ Components

The presence of a penetrating ionising radiation of
extraterrestrial origin was established in 1912 by Victor Hess

AMAN—
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Figure 1. Victor Hess in the
Gondola in which he went
up to an altitude of 16,000ft
formeasurementofcosmic
ray intensity in 1912.

20
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through a series of manned balloon experiments
(Figure 1). The name ‘Cosmic Rays’ was given
to this radiation by Millikan in 1925.

Analysis of the radiation at sea level and
mountain altitude by a series of experiments
with Geiger-Muller telescopes and magnetic
cloud chambers, revealed that the radiation
contained two components with distinctly
different properties. One component, called
the ‘soft component’, was easily absorbed in
a few centimetres of lead, quite frequently
multipled in number in passing through thin
sheets of lead and also arrived at the observa-
tional level in multiples - as ashower of par-
ticles separated by several tens of centimetres.
The second component, called ‘penetrating
component’ could penetrate large thicknesses
of matter, even a metre of lead, without multi-
plying. The only fundamental particles that were known at
that time were the electrons, the photons, the protons and
the a- particles. To this small list two more were added in
1932, the neutron and the positron. The positron was disco-
vered by Anderson in acloud chamber that had been set up
to analyse the cosmic ray beam and its discovery was a
great triumph to the relativistic quantum mechanical for-
mulation of the theory of the electron developed by Dirac at
Cambridge. Around the same time in the early 30,
Blackett and Occhialini who were also working at Cambridge
had recorded several instances of multiple charged particles
which had obvious non-ionising links between pairs of
them. These events fitted beautifully the phenomenon of
pair production or conversion of quanta into electron-posi-
tron pairs according to Dirac’s theory. The calculations on
the energy losses of charged particles by Bethe and Heitler
revealed several surprising features - higher losses for
lighter particles, (more for electrons than for protons of the

g RESONANCE | July 1998
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same energy), higher losses in passing through matter of
higher atomic number, and higher losses at higher energies.

All these features came in very handy in the explanation
of cosmic ray anomalies. Clearly, Bhabha was at the right place
at the right time. The very first paper of Bhabha entitled ‘Zur
Absorption derHohenstrahlung’published in 1933 in Zeitschrift
Fur physik was concerned with the explanation ofthe absorption
features and shower production in cosmic rays. In 1936, Bha-
bha in collaboration with Heitler formulated the ‘cascade
theory of the electron’ according to which a high energy
electron passing through matter gave rise to a high energy
photon by bremstrahlung process and the photon in turn
produced a pair of positive and negative electrons; these in
turn led to further production of photons and the cascade
process continued until the energy of the particles fell below a
critical value. Carlson and Oppenheimer also developed a
similar theory simultaneously in the USA. Based on Bethe-
Heitler cross sections, Bhabha and Heitler made quantitative
estimates of the number of electrons in the cascade at different
depths, for different initiating energy of the electrons. These
calculations agreed with the experimental findings of Bruno
Rossi in cosmic ray showers. The problem of the ‘soft’
component was thus totally resolved.

In a classic paper entitled ‘On the penetrating component
of cosmic radiation’ communicated to the Proceedings of
the Royal Society in July 1937, Bhabha made a careful analy-
sis of the experimental data on the soft and penetrating
components and concluded that a ‘breakdown’ of the quan-
tum mechanical theory of radiation at higher energies as
proposed by some theorists would not explain the experi-
mental results on the latitude effect of cosmic rays and the
shape of the transition curve of large cosmic ray bursts. He
emphasised that these features would find a natural expla-
nation if cosmic radiation contained charged particles of
mass intermediate between electron and proton and set the
mass as —100 electron masses.

RESONANCE | July 1998 S‘
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Nature, 1938) that
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be unstable and
would probably
decay into an
electron and
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Around the same time, Neddermeyer and Anderson, and
Street and Stevenson discovered in their cloud chamber
experiments, charged particles of intermediate mass whose
mass was set at ~ 200 electron masses. The name ‘meson’ was
given to this new particle.

Bhabha predicted (in a paper in Nature, 1938) that the meson
would be unstable and would probably decay into an electron
and neutrino. The phenomenon of meson decay was helpful in
resolving anomalous absorption of the penetrating componen
in the atmosphere. The relativistic elongation of time as pre-
dicted by the special theory ofrelativity was confirmed through
meson decay experiments.

Bhabha and Cosmic Ray Research at the Indian
Institute of Science, Bangalore

Bhabha came on abriefholiday to India in 1939. He could not
go back to England as planned, since the second world war
broke out in September 1939, and there was the prospect of
heavy bombing over England by the Germans. Bhabha deci-
ded to stay back in India for a while. This decision turned
out to be aturning point, a landmark not only in the academic
career of Bhabha, but also in the advancement of Indian
science and technology in the post independent era.

Bhabha joined the Physics Department of the Indian Institute
of Science, headed by CV Raman. He got a special grant from
theSirDorab Tata Trust. He gathered some students to work
with him in theoretical particle physics and one of them was
Harish-Chandra, who later held a professorial chair in mathe-
matics at the Princeton Institute of Advanced Studies.

In parallel, Bhabha also started experimental work in cosmic
rays. He was cognisant of the unique advantages of India to
work in this field - wide range of latitudes from equator in the
south to 25° N in Kashmir within the boundaries of a single
country; mountain stations in the south and north and the
deepest mines in the world. Millikan had come all the way from
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the USA to do experiments at several stations in India in the
mid 30’s.

With a uniquely designed GM telescope, which Bhabha built
with the help of SV C lya, the penetrating particle intensities
were measured at altitudes of 5000, 10,000, 15,000, 20,000,
25,000 and 30,000 ft, using a B-29 bomber aircraft belonging
to the US Air Force. These constituted the first measurements
at such high altitudes in an equatorial latitude. Comparison
with the measurements of Schein, Jesse and Wollan in the USA,
established that no marked increase ofintensity occurred bet-
ween 3.3°N and 52°N even at an altitude of 30,000ft., in con-
trast to the total intensity which exhibited very pronounced
latitude effect at such altitudes.

At the Indian Institute of Science, Bhabha also got constructed
a 12" diameter cloud chamber identical to the one operating in
Manchester. R L Sengupta, who had worked in Blackett’s
Laboratory helped Bhabha in the design and construction
of this chamber, which was used by M S Sinha to study the
scattering characteristics of mesons. Vikram Sarabhai setup
atelescope to study the time variation of cosmic ray intensity.

Bhabha and Cosmic Ray Research at the Tata
Institute of Fundamental Research

While at the Indian Institute of Science, Bhabha recognised
the need for setting up in the country an institute solely
devoted to the pursuit of fundamental research especially in
the area of nuclear science that was emerging as a virgin area
of fundamental science. The developments in the field of
cosmic ray studies and in the area of nuclear physics with
accelerators had convinced Bhabha that the future lay in these
areas. With financial support from the Sir Dorab Tata Trust
and the Government of Maharashtra, Bhabha established the
Tata Institute of Fundamental Research in Bombay in June
1945. The formal inauguration of TIFR was at 11Sc, Bangalore.
The TIFR became an aided institution under the Department
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of Atomic Energy later and was recognised as the National
Centre for Nuclear Science and Mathematics by the Govern-
ment of India. Bhabha himself used to say that TIFR was the
‘cradle of the Atomic Energy Programme’ of the country.
Bhabha was the Director of TIFR from 1945 to January 1966 -
till his untimely death in a tragic air crash on the Alps.

The TIFR naturally started with a major experimental
programme in cosmic rays, taking cognisance of the fact that
cosmic ray research had entered its second phase the world
over. The jr-meson as the parent of the /j-meson was dis-
covered in 1947 by Powell and his collaborators at the Univer
sity of Bristol exposing the newly developed high sensitivity
nuclear emulsions in the Jungfraujoch mountains in Switzer
land. Rochester and Butler discovered the same year the Vs
particles, which were later identified as the AT-mesons and
hyperons through nuclear emulsion experiments by several
groups. Bradt and Peters discovered around the same time the
presence of a-particles and other stripped heavy nuclei in the
primary cosmic radiation which consisted predominantly of
protons. Also, most importantly, the act of meson production
had been caught both in nuclear emulsions and in multiplate
cloud chambers.

With these developments, the new directions of cosmic ray
research had become clear. To enter the international arena in
this field, the emphasis had to be on: (i) the investigations on
the primary component - spectrum, composition, anisotropy
of arrival directions; relative proportions ofrare nuclei, elec-
trons, ~rays; (ii) the detailed study ofthe characteristics ofnu-
clear collisions of the primaries as well as of the secondaries
produced in these collisions; (iii) the studies on the penetra-
ting components - muons and neutrinos in deep underground
installations; (iv) studies on the extensive air showers initiated
in the atmosphere through the nuclear and electromagnetic
cascades by the primaries; (v) study of the radio isotopes produ-
ced by cosmic rays; (vi) time variation studies on cosmic ray
intensity and correlations with solar activity (Figure 2).
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These multidimensional studies to be carried out in a
variety of locations with specially designed detector
systems, required the inhouse development ofa variety
of technologies - to name a few - plastic balloon
fabrication technology, fabrication of GM counters,
plastic scinti-llators, multiplate cloud chambers, pulsed
electronic circuits and even a digital computer. Thanks
to the organisational genius of Bhabha, all this was
done in a record time in TIFR itself. The Indian
industry was very backward in the 40’s and 50’s and
importing then was just not thinkable because ofshortage
of foreign exchange and the enormous delays of
transportation. The cosmic ray programme did get a fillip
in the 50’s by Bernard Peters, the co-discoverer of heavy
primaries and M G K Menon who worked for 8 years in Pow-
ell’s Laboratory, joining the Nuclear Emulsion Group of TIFR.

Atthe International Conference on Cosmic Rays held at Bagneres
in 1953, TIFR made its first impact by presenting very
significant results on .K-mesons and hyperons obtained from
he analysis of emulsion stacks exposed at Hyderabad. The
emulsion group kept a high profile of original contributions
in the field of high energy interaction studies, the relative
abundances of Li, Beand B in the primaries, hyperfragments
and on the spectrum of primary electrons. The deep under-
ground experiments in the Kolar Gold Fields initiated at the
instance of Bhabha as early as 1950, and which continued for
more than four decades, till 1994, was another line of activity
in which pioneering contributions were made - most accurate
/]-meson intensity and angular distribution measurements
upto very high energies (Figure 3), detection ofneutrino indu-
ced interactions with a visual detector, limits on the lifetime
of protons etc. These involved very large scale installations
and also international collaborations. Extensive air shower
array with a variety of detectors for different components -
scintillators, Cerenkov counters, total absorption spectrometer,
multiplate cloud chamber started operating in the late 50’ in
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Figure 2. Bhabha and A S
Rao with a typical cosmic
ray telescope - of the type
that was being launched
from the Central College
grounds, Bangalore in the
late forties, on clusters of
rubber balloons.
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Figure 3. The variation of
intensity of penetrating
particles as a function of
depth-based on a variety of
experiments at the Kolar
Gold Fields.

Figure 4. Development of
cascade in a multiplate
cloud chamber at Ooty. (a)
A cascade having an
elongated tube-like struc-
ture whichis notcompletely
absorbed even after 20
radiation lengths, the esti-
mated energy is 2.4TeV. (b)
A cascade which develops
from the first plate of the
chamberand shows arapid
absorption after the
maxima. The method of
cascade widths has been
used for energy estimation
which is 750GeV.
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the mountain station at Ooty. The time structure measurements
of hadrons with the total absorption spectrometer, led to the
first recognition of increased cross section for the production
ofnucleons and antinucleons at high energies. Bhabha, when
he visited the Ooty Laboratory in 1964, was thrilled to see the
world’s largest multiplate cloud chamber operating there. This
cloud chamber gave unique information on the highest energy
jets produced by
(Figure 4). Atthe Kolar Gold Fields, asecond air shower array
was set up at the surface of the mines with large area detectors

the incidence of several parallel hadrons

at several
very high
information on the composition of the primaries in the crucial

depths underground that recorded the associated

energy muons. This set-up gave very valuable

VI
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knee region 1014- 101&v.

In a short article like this it is difficult to do full justice and
bring out the full flavour and ramification of all the work in
cosmic rays that got initiated at the instance of Bhabha.
Bhabha’s was a multidimensional, many splendoured perso-
nalitT 'hat influenced not only cosmic ray research, but many
other fields too. But cosmic rays were very dear to him, all
through his life, may be because his very first paper was on
cosmic rays.

Even 86 years after the discovery of cosmic rays, 50 years after
entering the second phase, despite colossal efforts by groups
all over the world, not a single source of cosmic rays of high
energy (> 20 Gev) has been identified even though it isfirmly
established that the spectrum extends beyond 102ev. The
mechanism by which particles are accelerated to such high
energies is also not known. The high rotating magnetic field
environments of the neutron stars in pulsars in the galaxy and
the extragalactic AGN (active galactic nuclei) with suspected
giant blackholes in their centres are thought to be the stron-
gest candidates. Gigantic multiplex installations are coming
up to settle this question. What other exotic particles there
are among the primaries and what new particles are produced
m super high energy collisions are other aspects which are
receiving special attention in the design of next generation
cosmic ray experiments.
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Homi J Bhabha in his address to the
International Council of Scientific Unions

on January 7, 1966.

An important question which we must consider is whether it is

possible to

transform the economy ofa country to one based on modem technology developed
elsewhere without at the same time establishing modem science in the country as
a live and vital force ... the problem of establishing science as a live and vital force
in society is an inseparable part of the problem of transforming an industrially

underdeveloped to a developed country.

Vv
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Rajat Tandon

The second part gives an introduction to ‘algebraic
number theory’, defines class numbers for finite ex-
tensions of the field of rational numbers and proves
that in the context of quadratic fields, this defini-
tion coincides with the definition of class numbers
via binary quadratic forms given in the first part 1

We have seen in the first part of this article in the previ-
ous issue that some seemingly innocuous questions starting
with the formula - b+x\Vj>*ac jeacj to fajrly deep mathemat-
ics. This is typical of the subject. It is so important to ask
the right question - “ ask an impertinent question and you
get a pertinent answer ”.

The roots ofax 2+bX +c = 0 are given by where A =
(b2 —4ac)i.e., they are of the form x + y\/A with x and y ra-
tional. The set Q (\/A) of elements of the form x+ yV A with
x and y rational forms a subfield of the field of complex num-
bers, C. Q(v/A) is also a vector space over the rationals ii
we define scalar multiplication by A (x+t/\/A) = Ax+Aj/IVA-
{1,v3} is a basis of Q(V'A) over Q, and Q is a subfield
of Q(\/A). This process can easily be generalised. For in-
stance, letp be a prime and £ = e2ri/p. Let Q(C) be the set of
complex numbers of the form xo+ xiC+X2C2+ 'em "p-'2Cp 2
with Xj rational. Note that I-t-C + C2+ CG3+ "' + (p_1 =
0 so can be written in terms of 1, GCQ2>C3> e m(P~2'
Check th~t Q(£) is a subfield of C containing Q and that 1,
C Q)+ ,Cr-2 is a basis of C) over Q with scalar multipli-
cation being defined in the obvious way. These are examples
of fields containing Q which are finite dimensional as vector
spaces over Q. Such fields are known as algebraic numbei
fields and were the object of detailed study by Dedekind,
Kronecker and Kummer in the 19th century. Amongst the
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several motivations for studying such fields were three prob-
lems suggested by Greek geometers:

(i) To trisect any given angle

(ii) To construct a cube whose volume is twice that of a
given cube.

(iii) To construct a square equal in area to a given circle.

These constructions were to be done by ‘ruler and compass
orilv’in the manner that we are taught at school. The second
problem boils down to being able to construct by ruler and
compass the real root of A3 —2. Galois and Abel looked at
such problems and their work gave a huge impetus to the
systematisation of algebra and algebraic number theory.

The examples given above, Q(y/A) and QC), have been
generated by single elements ( yfK and C ) which satisfy
some polynomial with rational (in fact, integral) coefficients
(X2 —A, Xp —1 respectively). Indeed, it can be shown
that any subfield of C containing Q which is n-dimensional
as a vector space over Q consists of elements of the form
xq+ Xx"a + X2Q2+ mem+ Xn_ian_1 where the x* are rationals
and a is a complex number which satisfies a polynomial
equation of degree n with rational coefficients.

The first thing we would want to know about such fields
is whether they have a subring in them in much the same
way that Q contains Z and every element of Q is a ratio
of two (one non-zero) elements of Z. One ‘natural’ possibil-
ity in Q(\/A) could be Z + Zy/A, i.e., elements of the form
a+ by/A with a and b integers or in other words Z -linear
combinations of the basis 1, y/A. Similarly one could con-
sider Z+ZC+Z<2+ZC3+- «®ZCP-2in Q(C). But immediately
one would recognise a difficulty in basing a definition which
depends on the choice of a basis. For instance, Q(v/A) =
Q(V4A) but z + Zz yIA | Z + Z\/4A or observe that if
p=3then C= e2m/3 = ~14 ~ so Q(C) = QiVv1*) but
Z +Z(/ Z+ Zy/=3. To get around the problem of square
factors of A we will henceforth assume that A is a funda-
mental discriminant see Part | of this article . Hence the
only square factor A can have is 4.

RESONANCE | July 1998 S
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We have already seen that the fields above are generated
by elements which satisfy a monic (leading coefficient 1)
polynomial with rational coefficients. In fact, every element
a+ 6\/A in Q(\/A) satisfies the polynomial X2 —2aX +
(a2 - 62A) = 0. This suggests an alternative. Why not
consider those elements of Q(>/A) (or Q(£) ) which satisfy
a monic polynomial with coefficients in Z? Such elements
are called algebraic integers (in the given field). Do such
elements form a subring /, i.e., are they closed under ad-
dition and multiplication? The answer is ‘yes’. Observe
that a + 6\/A will be an element of the given type provided
2a 6 Z and a2—b2A £ Z. Suppose then that a + b\rA and
c+dv/A are such that 2a,2c £ Z and a2- 62A, c2—d2A £ Z
Observe that 2(a+ c) £ Z and (a+ c)2- (b+ d)2A =
(a2 —b2A) + (c2 —d2A) + 2ac —2bdA. We say that a ratio-
nal number is a half integer if it is of the form ”~ where | is
odd. We make the following observations which can easily
be proved by the reader: for a,6 € Q, 2a and a2 —62A are
integers implies

(i) 26 € Z since A has no square free factor other than pos-
sibly 4;

(i) if A is even then a must be an integer and 6 either an
integer or half integer;

(iti) if A is odd a and 6 must be either both integers or both
half integers.

In all cases it can then be seen that if 2a,2c £ Z and
a2—62A,c2 —d2A £ Z then 2ac —2bdA £ Z and therefore
that (a + c)2—(6 + d)2A € Z. On the other hand

(a+ 6\/A) m(c + dv'A) ac + 6dA + (ad + 6c)\VVA
(ac --6dA)2 - (ad + 6C)2A = (a2- 62A) *(c2 - d2A)

are both in Z. Hence | is indeed closed under addition and
multiplication.

Exercise: Show that

() in Q(A-T) we have 1 = {a + by/*\a,b £ Z)

(i) in Q(v'r 3) / = {ax"fElla,6 € Za = b (mod 2)} =
Z+ ZE where £ = 1 is a cube root of unity.

Would every element of Q (\/A) be a ratio of two elements of
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/? We note that Z+ Z\/A C/ and | = —"yA so
this is trivially true. What other properties of Z would we
like / to have? The best would be unique factorisation. In
Z we have the notion of a prime number and we know that
(mvery number can be written upto sign uniquely as a product
of distinct prime powers viz n = ipj'pf2.. .peT where the
p, are distinct primes and, moreover, if n is also equal to
i 0(’g22-em{' then after changing the order of the if
nc essary, we haver = s,pt = gi and er = /j for all i.

Imagine the usefulness of having such a property in I, For
instance consider Q(C) as above and the ring of integers /
in Q(£),i.e., the set of all elements in Q(C) which satisfy a
monic polynomial in Z[X], the ring of polynomials in one
variable with integer coefficients. Suppose there exist non-
zero integers x,y,z such that xp-fyp = zp. Then

xp- zp- yp= (z- y)(z- A){z- Cy)...{z- G 1y). ¥

It is easy to see that x £ | and z —Cy € /. If we have
unique factorisation in | there is just a chance that (*) may
give us a contradiction to unique factorisation (or allow us
i.o use the method of descent) and we may prove Fermat’s 1
las*, theorem! It is just possible that Fermat had some such
proof in mind when he wrote in the margin ....

We would first need the notion of a prime element in I. This
is accomplished more or less as in Z - negatives allowed So
we consider —,—3, —5,... also as primes.

Definition 1: An integer n is a prime if whenever n is
written as a product ab of two integers then either a or 6
must be +1. Note that £1 are the only units in Z, i.e.
elements in Z with a multiplicative inverse.

There is another way of defining a prime number.

Definition 1 An integer p » +1 is a prime if and only
if whenever p divides a product of integers ab then p must
divide either a or b.

Recall if n is an integer then nZ, the set of multiples of n,
forms an ideal in Z (an ideal J in a commutative ring R is
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1Incidentally, this is what Gauss
had to say about AT 'l confess
that FermaTs theorem as an
isolated proposition has very little
interest for me because | could
easily lay down a multitude of
such propositions which one
could neither prove nor dispose
off" Gauss said that AT had
induced him to recall some of his
earlier ideas in higher arithmetic
but that he was not in a position
to go back to that work because
of his circumstances. 'Still | am
convinced that if lam as lucky as
| dare hope and if | succeed in
taking some ofthe principal steps
in that theory, then Fermat's
theorem will appear as only one
of the

corollaries.”

least interesting

31



32

GENERAL ! ARTICLE

an additive subgroup of R which has the property: x £ J,
r £ R implies rx £ J). If an ideal | in a ring satisfies the
property: ab £ | implies either a £ 1 or b £ | it is called a
prime ideal. So the integer p is a prime number is the same
thing as saying that pZ is a prime ideal in Z. It is easy to
see that the two definitions we have given are equivalent in
Z.

Based on the above we could define in an arbitrary commu-
tative ring with unity R (all our rings will be so) an element
7 to be prime either by requiring that whenever it — ab ei-
ther a or b must be a unit in R or by requiring that the
ideal 7R, consisting of all multiples of 7, is a prime ideal.
Unfortunately in an arbitrary ring the two definitioas are
not equivalent. An element ir which satisfies the first prop-
erty is said to be irreducible whereas if nR is a prime ideal
we call it a prime. In integral domains (commutative rings
with no zero divisors) all primes are irreducible but not vice-
versa. (Exercise: Prove this.)

A domain in which every non-zero non-unit can be written
as a product of irreducibles in an essentially unique way, that
is upto order and multiplication by units (6 = 2m3 = 32 =
(—2) *(3) = (3) *(—2)) is called a unique factorisation
domain (UFD). Clearly, Z is a UFD and it is easy to check
that J = Z + Zi is also a UFD.

Z has another property which is somewhat stronger - every
ideal in Z is of the form nZ where n is an integer. A domain
D which has the property that every ideal in it is of the
form xD for some x in D is called a Principal Ideal Domain
(PID) and every PID is a UFD. If we could show that the
ring of integers / in an algebraic number field is always a
PID then we could use the argument given above for FLT.
Unfortunately | is not always a PID. For instance, consider
Q(%/—20); then I = Z -f Z\J—b and we have 6 = 2-3 =
1+ -VV—-5)(1 —y/—b). It is easy to check that 2, 3, 1+ s/-b
are all irreducible elements in /. We remark that the ring of
integers of an algebraic number field is a UFD if and only if
it isa PID.
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Recall that if A and B are two ideals in a ring R then
we define their product A mB — € Abi €
B, for some n}. This is also an ideal. Though 7 is not al-
ways a P1D it is true that every ideal in 7 can be written
u iiquely, except for order, as a product of prime ideals. This
go es us the first hint that the concept of an ideal may be at
least as important as the notion of an element. Note that in
a PID the two notions are almost the same as every ideal is
generated by a single element which is uniquely determined
upto units.

So if 7 is not always a PID then how ‘bad’is it? The set X of
ideals in 7 under the product defined above form a semigroup
(7 itself is the identity). We define an equivalence relation
on this set X as follows: A ~ B if there exist a,/3 E |
such that al mA = f3X mB, It is easy to check that this
gives us an equivalence relation on X and the product on X
induces a product on the set of equivalence classes Xj
L4] m[B\ — [A mB}. The crucial point here is to check that
as defined above is well defined, i.e., if A ~ Al and B ~ B’
then A BB ~ A'®B'. The set of equivalence classes 1/ ~ with
this product is actually a group. It is one of the fundamental
theorems of algebraic number theory that this group is finite
not just for quadratic extensions of Q but for any finite
extension of Q. The order of this group is called the class
number of the extension. The class number of Q (\VA) will
be denoted by h'{A). Note that the class number is one if
and only if 7 is a PID.

Let now A be a negative fundamental discriminant,i.e., a
negative integer A which is congruent to 0 or | modulus 4
and which cannot be written in the form Aon2 where Aq
is another discriminant and n is an integer. Hence 4 is the
only possible square factor of A. Recall that we have defined
h(A) to be the number of equivalence classes of primitive
binary integral quadratic forms. Remarkably:

THEOREM: h(A) - h'{A).

In order to prove this we first observe that ifa = a + b\/A
is in the ring of integers 7 of Q(\/A) then so also is a =
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a - 6\/A. Hence so also is gqg which is an integer. Hence
if A is any non-zero ideal of I then A DZ ~ (0). Clearly
ADZ is an ideal in Z so A Pi Z = aZ for some integer
a > 0. Observe also that any non-zero ideal of | cannot be
contained in Z.

In order to make life a bit easier we will assume in what
follows that A is odd and hence that | = Z+ Z m
(proof?). Let A be an ideal in I. Define

J={rGZ|re— +sGA}

for some s G Z. Then J is an ideal in Z and since A %
Z,J is non-zero. Let J = tZ, t > 0. Then there exists
an s € Z such that t + s GA. We claim that A -

azZ + If+2*)+tV&z. Clearly the right hand side is contained

in A Leta =u+n— GA Thenv £ J sov = tv' for
some v' G Z. Therefore

a-.t/(*+ 2a) + t>/5 + N , (t+ 2))-fty™A
2 2 2
u- si;; G*CZ = oZ.

Therefore a GaZ + it 25)+t'~ z. Hence every ideal A in/
is of the form aZ + b+ KZ, a > 0,c > 0. For this to be an
ideal it must be closed under multiplication by 1fVA. Hence
a.ifv'’Ae aZ + fctc/Az,i.e., there exist integers m,n such
that am - ma+nmbtcv® =>a=ncand 1= 2m + £
i.e., cdivides a, cdivides6 and *isodd. Leta = tc,b = uc, u
odd. Then az-f -#{& Z = tcZ+" - N Z = c[tZ+ -~ Z].
Hence, every ideal A in | is of the form c[tZ +

with ¢ > 0,t > 0 and u odd. Further, again since A is
closed under multiplication by , C*3HAA . 1+vA e

Hence there exist integers h, k such that A)+(1+»)v'5 _
ht + k.*+& . Therefore, k = ~ and = ht+ & =
ht + Hence A = u2+ 4ht. We have proved:
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Proposition: Every ideal in | is of the form t(aZ + b+"AZ)
for some integers a, b,t with t > 0,a > 0 and such that there
exists an integer ¢ with A = b2 - 4ac.

Proof of the THEOREM : We denote by [aX2+ bXY +
cY 2] the equivalence class of the form aX2+ bXY +cY2 in
ST(A). We denote by [4] the equivalence class of the ideal
A inJ. Define

e:Si(A)/l~ —> T/~

Then the proposition we have proved above shows that e is
surjective. We need, of course, to show that e is well defined.
For this we must show that if

A m(axX2+ bXY +cY2)=a'X2+ b'XY +c'Y2

a'z FANZ .
IfA —I | | then a' —a and b' = 6 + 2a which implies
thataz + » Z =aZ+£"Z .

If -4 = ( n then a' = cand b' ——b so

Therefore a(a'Zz + ~ /N Z) = *~Ay N (aZ + "47"Z) and
we have proved what was required.

In order to prove our theorem we must show that e is a
bijection. Only the injectivity of e is left. Before proving
injectivity we make two remarks:

(a) If A and B are two ideals in | then they are equivalent
if there exists a,/3 E | such that a.A — (3.B. But this
is equivalent to aaA = a0B and act is a positive integer.

VWV
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Hence A ~ B if and only if there exists an integer t > 0 and
(3G 1 such that t A = (3mB.

(b) Ifa, B€ / and qZ 4-/13Z = 7Z + 8Z then there exists
an integral 2 x2 matrix A of determinant £1 such that

Anm

Suppose now that

t([aX2+ bXY + cY2}) = e([a'X2+ b'XY + ¢c'Y2)

aZ+ b+~ Z~a'Z+ b+ VWV Z
L 4

Hence there exists an integer t* > 0 and a = in/
such thata«(az+ " Z2 ) =t'mazZz+"A Z) = .A(say).
We must show that

a'X2+ b'XY +c'Y2- Ae(aX2+ bXY +cY2)
for some A in SL(2,2).

Case I Letg=0and t =pj2. Then atZz —a't'’Zz = 4fl Z
We may without loss of generality assume that at = a'f' and

hence t > 0. There exist integers m,n such that t m -
ma't' + ntf which implies that t — nt' and hence

a' = na. There also exist integers k,lI such that tlb =

kta + Itb+)f~. Hence In = 1orn = I,t = t',a = a' and
b' = b+ 2ak. It is now easy to see that

a'X2+ b'Xy +c'y2=1f1f* M e+(aX2+ bXY +cY2).

Case 2: (g 0) In view of case 1 we may assume that
(p,q) = 1. By the proposition above and remark (b) there

exists an integral matrix A = \3/v of determinant =1
such that
A ( \ / ta’
o .(Et*S) ) ~{f- b "
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or, in fact, by multiplying by the matrix ~ J j ,ifnec-
essary, we can assume that A isin SL(2,Z) and
p-hqVA W
* ' (*)
A v*e )

Therefore, = +tV which im_

plies that, xa”-\-y\p+# = *t'a' and xaf+p2* = O.Hence
2xaqg — -y(p + bg). Let e be the positive g.c.d. of 2a
and p + bg. Then x~2 — -y 1| so 2°2 divides y and
y = 2sg.r for some integer r. Then x = — Since
(x,y) = 1lwegetr —=1. A simple calculation now shows
that xa\ + = f£t'a’ = - aa . Hence, keeping in
view the various signs, we get tV = ~oia. Furthermore,
since xw —yz — 1, substituting the values of x and y given
above we get w(p + bg) + 2aqz = —re. We further get from
(*) that 2apt®  -\-w(&& * ).{ptg * ) = which im-
plies that 2zap + w(bp + gA) = 2t'b' and 2zaqg-\-w(p +bq) —
2t'i.e., —re — 21'. Hence 2zap + w(bp -I- gA) = —reb"
It is now easy to check that Al.(aX2 + bXY 4-¢cY2) =
a'X2+ b'XY + c'F2. For instance, the coefficient of X 2,
if we replace X by xX + zY and Y by yX + wY in the
expression aX2+ bXY + cY2, is ax2 -t 6xp -f q/2. Substi-
tuting x = — £+72 and y = ?22.r and using the fact that
fa' = ~aa and 2f = -re we get ax2+ bxy+cy2 = a'. Sim-
ilarly, the coefficient of XT' on the required transformation
is 2axz + bxw + byz t-2cyw which on substitution is just 6'.
Therefore Al.{aX2+bXY +cY2) =a’X2+b'XY +c'Y2and
e is injective.

This is a beautiful example in mathematics where two ap-
parently unrelated objects turn out to be equal. Maybe the
reader can discover some more.
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Enzyme Kinetics? Elementary, my dear ...

2. The Analysis and Significance of Kinetic Parameters
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Desirazu N Rao

Catalysis is essential to make many critical biochemical
reactions proceed at useful rates under physiological
conditions. We had earlier discussed in Part | 1the basic
principles ofenzyme catalysis and derived the Michaelis-
Menten equation. In this article, the significance of
kinetic parameters and analysis of kinetic data will be
discussed.

Why should one determine K _and V__ ?

X

Km the Michaelis constant is adynamic constant expressing the
relationship between the actual steady-state concentrations rather
than the equilibrium concentrations. Table 1shows the K mvalues
of some enzymes. Kmdepends on the particular substrate used,
pH, temperature and ionic strength. Observed values of K for
differentsubstrates and different enzymes vary widely; the smaller
values are in the region of 107M whereas poor substrates can have
very high values. Typical values for physiological substrates are
generally in the region of 10-3M to 10-6 M.

Inspection of Michaelis-Menten equation shows that Kmis
equivalent to the substrate concentration that yields halfmaximal
velocity. If v- Vmax2 then,

vmax  KWXfS]
~  =~Km+[sy

Dividing both sides by Vna gives:

1_ [9]
2 Km+[s]

hence, AIm=[.S]. Very often, Kmis assumed to be equal to the

VW
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Enzyme Substrate
(juM)

Carbonic anhydrase o 8000
Chvmotrypsin Acetyl-L-tryptophanamide 5000
Penicillinase Benzylpenicillin 50
Lysozyme Hexa-N-acetyl glucosamine 6
Pyruvate decarboxylase Pyruvate 400

HCOJ 1000

ATP 60
EcoRX7endonuclease Plasmid DNA containing

one EcoRV site
Hhal DNA methylase =~ XDNA .BstFIl digest 0.06

EcoRV endonuclease Oligonucleotide containing 3.8

one EcoKYV site

dissociation constant for the ES complex. Thisis true only ifthe
rate constant for the formation of products, ki is significantly
smaller than kr Consider a situation where k2is much greater
than ky The dissociation of the ES complex to E and S is much
faster than the formation of E and the product. Under these
conditions (k1>>kl),

* =\ 3

The dissociation constant of the ES complex (KES) is

[E][S]

[ES] =hlh.

KEs
This means, Kmis equal to the dissociation constant of the ES
complex. Under these conditions (£,>>£,), Kmis a measure of
the strength of the ES complex - a high Alnrneans weak binding
and a low Km means strong binding. Most often, kz>>kp in
which case Kmis not directly equivalent to adissociation constant
for ES. In any case K is the concentration of substrate at which
half the active sites are filled.
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0.0005

K, KJKm
(s) (M-V?)
600,000 7.5x107
100 2xlo4
2,000 4x107
05 8.3x104
0.015 3x107
0.22 3.7xl06
0.115 3.0x104

Table 1. Kinetic constants
ofsome enzymes.
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2 The turnover number of an
enzyme is the number of
substrate molecules converted
into product by an enzyme
molecule in unittime when the
enzyme is fully saturated with
substrate

40

GENERAL | ARTICLE

The numerical value of Kmis of interest for several reasons,

(a) The Kmestablishes an approximate value for the intracellular
level of the substrate.

(b) As Kmis a constant for a given enzyme, its numerical value
provides ameans of comparing enzymes from different organisms
or from different tissues of the same organism or from the same
tissue at different stages of development.

(c) A ligand-induced change in the effective value of Kmis one
way of regulating the activity of an enzyme. By measuring the
effects of different compounds on Km it is possible to identify
physiologically important inhibitors and activators.

The maximum velocity Vmex is not by itself a very useful com-
parative parameter because of its dependence on enzyme
concentration.

Vix = A[E, .

A more useful parameter is turnover number 2or k.M which is
equivalent to the rate constant ky for the breakdown of the ES
complex to product when the enzyme is fully saturated with
substrate. Since Tmai=feJ£'i], the term Vnaxreveals the turnover
number of an enzyme if the concentration of enzyme [£] is
known.

k =V /[£m].

km is a first order rate constant and therefore will have units of
reciprocal time. The turnovernumber isameasure ofthe maximum
potential catalytic activity of an enzyme. The reciprocal of the
turnover (Hk?) is the time taken for a single round of catalysis to
occur when the enzyme is saturated with substrate. Turnover
numbers vary widely, the highest value observed is for carbonic
anhydrase (Table 1). This means that with a turnover number of
600,000/sec, a 10-6 M solution of carbonic anhydrase catalyses the
formation of 0.6 M H2C 03 per second when it is fully saturated
with substrate. Each round of catalysis occurs in 1.7// seconds
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(L/kcd). In other words, each enzyme molecule can hydrate 105
molecules of CO, per second.

Another important parameter is the ratio of the turnover number
to the Michaelis constant. The value k  IK  is a second order
rate constant for the reaction of enzyme and substrate to form
products.

Consider the following reaction:
E+S <— > E+P

when [£]>>.£, then,

t=_at =~ L[£][S1-

This ratio is referred to as specificity constant for an enzyme.
For example, suppose an enzyme can catalyse a reaction with
either of the two substrate® A and B, then if the value of
keta/ K mais greater than kcah/K,,b, then it follows that
substrate A will be utilised at a greater rate i.e., the enzyme has
agreater specificity for substrate A than for B. Since an enzyme
and substrate cannot combine more rapidly than diffusion
permits, there is an upper limit on enzyme catalysis. The value
ofk .JK ntannot be greater than about IOV'AT1 Some enzymes
like carbonic anhydrase have values of kcg/[Kmthat approach the
diffusion limit, indicating extreme efficiency in binding substrate
and in converting it to a product. The specificity constant is a
useful parameter when one compares a wild-type enzyme with a
mutant enzyme. This is all the more important especially when
one is studying amino acid replacements at the active sites of
enzymes by site-directed mutagenesis 3 . Therefore, high catalytic
activity and high specificityfor substrates, can be described kinetically
by the constants k_ and k _ JK .

Graphical Methods to Estimate K _and V__

X

As the v versus [S] curve is a hyperbola (Figure 3 in Part 1), it is
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3 Site directed mutagenesis is
a procedure for producing a
protein in which specific amino
acid residues have been
replaced by others at the DNA
level.
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Figure 1. Double-reciprocal
(/v versus 1/[S]) Line-
weaver-Burk plot.
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difficult to determine Vmaxand Km Many students assume that

can be estimated from av versus 5 plot by finding the point
at which v 'reaches its limiting value. The main drawback lies in
drawing a curve that flattens out too abruptly and then drawing
an asymptote too close to the curve. An asymptote is a straight
line approached by a given curve, as one of the variables in the
equation of the curve approaches infinity. Enzyme kinetic data
may be treated graphically in the same manner as that of ligand
binding. Over the years many graphical and computational
methods have been developed in an attempt to improve the
accuracy with which the kinetic constants may be determined.
The most widely used graphical method for the determination
of K and V  has been the Lineweaver-Burk plot, named after
the two scientists who devised the plot. This isadouble reciprocal
plot, derived by taking reciprocals of both sides ofthe Michaelis-
Menten equation (equation 4) to give

11 oo 1 (cf :y = mx+c)

v [s] vmax  Vmax
Hence, when /v is plotted against 1/[S] astraight line is obtained
with aslope of K /V  and an intercept of \/V  on the l/v axis
(Figure 1).

This plot does suffer from a very serious disadvantage that is
often ignored. By taking reciprocals, greater significance is
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placed on the rates obtained at low substrate concentrations and
itisthese that are most likely to be subject to greatest experimental
error. The capacity of the double-reciprocal plot to 'launder’
poor data i.e., to provide a visual effect of scatter (but not in
reality) probably accounts for its extraordinary popularity with
biochemists. It is therefore not recommended as a method for
estimating Kmand Vmex However, by using suitable weightage,
the problems with the double-reciprocal plot can be overcome
but often a best fit line appears to the eye to fit badly. The
Lineweaver-Burk plot is not the only linear transformation of
the basic velocity equation. Indeed, under some circumstances
one of the other linear plots may be more suitable or may yield
more reliable estimates of the kinetic constants (see Suggested
Reading).

Aplot for obtaining the kinetic constants that has the advantage
of simplicity as well as being statistically acceptable is the direct
linear plot (see Suggested Reading). This method treats V. and
Kmas variables and v and [5] as experimentally determined
constants according to the rearranged Michaelis-Menten
equation:

1-

A plot is constructed with the x-axis labelled K and the y-axis
labelled Vmax For each experimental result, a straight line is
drawn from avalue of - [5] on the x-axis to the value v, on the y-
axis. This line is extended into the first quadrant of the graph and
represents aseries of values of Vmex¥ Kmthat would produce arate
v. at substrate concentration [5,]. Similarly, lines are drawn for a
set of data [A2Sv ..., SJ, v2,vi,..., vn. The lines should all
intersect at asingle point with coordinates of K and V. which
represent the only values ofKmand V  that satisfy all ofthe sets
of data (Figure 2). In practice, there is likely to be more than one
intersecting point (Figure 2, inset). When there are multiple
intersections, the best estimates of the true values of K and V

are determined by the coordinates of the median intersection
point. The most obvious advantage of this plot is that the
original form of it requires no calculations at all. This allows it to
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Figure 2. Direct linear plot of Vimixagainst Km Each line represents
one data pointand is drawn with an intercept of -S on the x-axis. In
an idealised situation, all the lines intersect ata unique point whose
coordinates yield the values of Kmand Vnkthat fit the data. Inset
shows more realistic data with experimental errors causing the
unique pointto breakdown into a family ofpoints. The bestestimate
ofKmand Vitecan be taken as the medians (middle values) of the two
series.

be used very easily in the laboratory while the experiments are
proceeding, so that one has an immediate visual idea of the
likely parameter values and of design needed for defining them
accurately. These features make it more suitable for use in the
laboratory for actual analysis of data than for presenting the
results in the literature.
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How do Plants Absorb Nutrients from the Soil?

Study of Nutrient Uptake

G Sivakumar Swamy

The study of nutrient uptake by plant roots has been a
fascinating subject both from the academic viewpoint
and also its application in crop productivity. This article
provides avery briefaccount ofour current understanding
of this phenomenon which requires an interdisciplinary
approach. Plant cell simulates an electrochemical battery
cell, and also represents a complex electronic circuit.

Introduction

Animals, including man, require food in the form of carbohydrates,
proteins, vitamins, etc., which in turn are provided either directly
or indirectly bv plants. Then, how do plants obtain their food?
Plants have the unique ability to synthesise their own food
utilising solar energy and the inorganic elements available in their
surroundings. They obtain their carbon, hydrogen, and oxygen
from water and from the atmospheric C02and Or The soil isthe
source of other inorganic nutrient elements which are normally
available as ions such as N03, H2P 04~ S04, K+ Ca2+, Mg2+
he1i ,etc. Like all other living organisms, plants have the ability
to maintain an internal environment with acomposition different
from that of their surroundings. The internal environment
(chemical contents) of the plant body
constant whereas the outside environment is highly variable. It
is a fact that the concentration of the nutrient elements and
other molecules are far greater inside the plant body compared
to ihe outside environment. Still the plant roots are able to
absorb nutrients against a high concentration gradient which
would have resulted otherwise due to the natural physical forces
operating in the system. This property of holding a solution of
higher concentration inside the cell against a dilute solution

remains more or less
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Box 1. Fluid Mosaic Structure

The widely accepted model of membrane structure is the 'fluid mosaic’ model. This model includes the
'fluid’ lipid bilayer interspersed with both intrinsic and extrinsic proteins, some of which are structural
proteins and others are involved in various membrane functions (Figure 1). The interior of the membrane
consists of the hydrocarbon chains of fatty acid moieties of the lipids arranged in the form of a bilayer,
and as aresult it is strongly non-polar. The nonpolar membrane interior acts as a strong barrier for the
passage of ions and polar molecules including water The membrane surface includes the polar groups
of the phospholipids and glycolipids, and it is also associated with the polar domains of the membrane
proteins. The non-polar domains of the proteins establish hydrophobic interactions with the fatty acid
moieties of the lipid bilayer.

outside is the unique characteristic feature of the cell membrane
that surrounds the cytoplasm of the cell. It is evident that the
plant cells have to overcome the physical forces such as diffusion
in order to maintain a higher solute concentration and also to
absorb nutrient elements which demands a massive investment
of energy by the plant cells.

The Cell Membrane is the Site of Nutrient
Transport

An appreciation ofthe structure ofthe cell membrane is essential
for understanding the mechanism of nutrient uptake by plant
roots (see Box 1).

Figure 1. Cross sectional
view of the cell membrane:
The fluid mosaic structure.
Lipid bilayer and proteins
form the central non-polar
and the peripheral polar
regions. H*-ATPase (proton
pump) pumping protons is
also shown in the figure.
The +and - signs inside the
small circles represent the
positive and negative
transmembrane potentials
outside and inside the cell,
respectively.

ANNN O
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This structural design of the membrane offers scope for the
transport of nutrient elements only through integral proteins of
the membranes. These transport proteins are very similar to
enzymes in their specificity in recognising the molecules and
ions for transport. The driving force for the transport process is
provided by the membrane-bound ATP hydrolysing enzyme,
H -ATPase (Figures 1,1).

H+-ATPase Transports Protons and Generates
Transmembrane Potential

Whenever an ion moves into or out of a celi unbalanced by a
counter ion of opposite charge, it creates a voltage difference
across the membrane called electrogenic pump. The functioning
of the electrogenic pump is an energy consuming process and it
provides the driving force for the ion transport across membranes
by generating a transmembrane potential. In animals, the
(Na" + K&)-ATPase serves as the electrogenic pump while in
plants HA-ATPase serves this purpose. This plant enzyme, being
located in the plasma membrane, generates a pH gradient across
the membrane and also establishes atransmembrane potential by
the vectorial pumping ofprotons from the cytoplasm to the exterior
(Figures 1, 2). Under ideal conditions (when no other ions are
interfering), a transmembrane potential of about -120 mV is
generated inside the cell as the result of a pH difference of about

AP
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Figure 2. Diagram ofa typical
plant cell (cell wall not
shown) showing the tran-
sportofionsand molecules
across the membranes.
ATP synthesis is driven by
the proton motive force
generated by electron
transportin mitochondrion
and chloroplast. On the
other hand, hydrolysis of
ATP mediated by H*
ATPase generates proton
motive forces across plas-
ma and vacuolar membra-
nesresulting in the genera-
tion of transmembrane
potential (shown as +and -
signs within small circles).
Caz2 pumping by Ca2-
ATPase is also shown.
Transport processes by
uniport, symport, and
antiport (see text for
details) are also represen-
ted. (Note: Pi released/
utilised not shown).
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Box 2

A relationship between voltage difference across the membranes and the distribution of a given ion under
equilibrium conditions is described by the Nernst equation. The Nernst equation states that at equilibrium
the differences in concentration ofan ion between two compartments is balanced by the voltage difference
between the compartments. A simple calculation of the Nernst potential E can be made as a function of
H+concentration in two compartments as follows:

E = (R7VZF ) In (C°/C ),

where R is the gas constant, T is the absolute temperature, 2 is the charge ofthe ion, and F is the Faradas
constant. C Oand C 'represent the ion concentrations outside and inside the cell respectively (considered
here as two compartments). Since H* is the monovalent cation, the value of z would be | (z= 1). The
numerical values of the constants R, F, and T at 30°C (303 K) can be substituted, and after converting from
natural logarithm to log10(x2.303), we obtain:

E = 60 log (C°/C ).

Suppose the FT concentration across the membrane is 10~5M (pH 5.0) and 10 7M (pH 7.0) as shown in
Figure 2, then, E= 60 loglOO, and therefore, the membrane potential inside the cell is-120 mV

2.0 units across the membrane (see Box 2). However, under
natural conditions, membrane potentials of more than -120 mV
are commonly observed in plant cells due to interaction with
other ions in the outside medium as well as in the cytoplasm.

The membrane proteins thatare involved in the transport process
may be classified as: (i) pumps, (ii) carriers and (iii) channels
(Figure 2). The proton-pump ATPase (H+-ATPase) acts as a
primary transporter by pumping protons out of the cell. This
process creates apH and electrical potential difference across the
membrane. It is estimated that the H+-x\TPase alone utilises
25-50% of cellular ATP which indicates the amount of energy
invested by the plants to absorb nutrients, and to maintain a
higher solute concentration inside the cell. The plasma membrane
H +-ATPase is composed of a single polypeptide of a molecular
mass ofabout 100 kDa. It transports one proton per molecule of
ATP hydrolysed, and hasapH optimum ofabout 6.5 for catalysis.
The plasma membrane H”-ATPase protein stretches across the
thickness of the membrane (transmembrane protein) and has ten
segments of the polypeptide extending across the membrane

WW
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(membrane-spanning regions). H+ATPase is also present in
the vacuolar and endoplasmic reticulum membranes. However,
the amino acid sequences of those enzymes are different from
that of plasma membrane-bound H +-ATPase As far as the reac-
tion mechanism is concerned, plasma membrane-bound enzyme
forms a phospho-enzyme intermediate during ATP hydrolysis
whereas such an intermediate is not formed in enzymes located
in other membranes. Further, there are also tissue-specific and
developmental stage-specific H +-ATPases in plants. It has been
shown that there are ten different genes in Arabidopsis thaliana
expressing just the plasma membrane H'-ATPases, producing
as many enzymes. In addition to the H+-ATPase, a Ca2+ trans-
locating ATPase has also been identified in the plant cell mem-
branes. The Ca2+-ATPase is involved in pumping out Ca2+from
the cytoplasm into the cell compartments or to the apoplast
(outside the cell). This pump is involved in the control of cyto-
plasmic Ca2+ level which in turn regulates the process of signal
transduction involving the calcium binding protein, calmodulin.

Carrier Proteins and lonic Channels Serve as
Conduit for Nutrient Transport

The transport of nutrient ions across the membrane can be
explained by invoking the chemiosmotic principle which was
originally put forth by the Nobel Laureate, Peter Mitchell.
When protons are extruded from the cell electrogenically, both
atransmembrane potential and a pH gradient are created at the
expense of cellular energy (released by ATP hydrolysis). This
electrochemical H + gradient which is also termed as proton
motive force represents stored free energy in the form of H+
gradient The lipid bilayer isimpermeable to HJ, and transport
proteins (carriers) alone would allow H +to diffuse back into the
cell if it moves with another ion or solute. The movement of the
positively charged ions such as H+ into the cell is a downhill
process from the point of view of energetics as the cell interior
has a negative potential compared to the positive potential of the
exterior. In addition, there is also a concentration gradient of
protons across the membrane favouring inward movement of
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Figure 3. (a): Diagrammatic
representation of the
experimental set-up for
measuring membrane
potential. A glass micro-
electrode isintroduced into
the cellbathedin the nutrient
medium. Change in the
potential by the addition ofa
nutrientinto medium can be
continuously monitored by
the voltmeter attached to a
recorder, (b): Diagram
showingthe recording ofthe
membrane potential in the
experimental set-up shown
in (@). Addition of NOf into
the nutrientmedium bathing
the plant tissue results in
transient depolarisation
followed by repolarisation.
The diagram oftheplantcell
on the right side explains
the symport mechanism of
NOf transport across the
plasma membrane.
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protons. Ifthis downhill process of H +transport is linked to the
cotransport (symport) of an oppositely charged ion into the cell,
the cell can acquire a negatively charged ion against its
concentration gradient (even though that particular anion is in
excess amount inside the cell compared to the external soil
solution). Since the free energy change (AG) of H+ transfer
from the exterior into the cell interior is strongly negative this
process can also drive the transport of an anion or a neutral
molecule against their concentration gradient.

An example of symport mechanism of transport can be cited in
the uptake of NO3 by the plant cells. The membrane potential
of the intact cell can be determined by introducing a micro-
electrode into the cell as shown in Figure 3a. As represented in
Figure 3b there occurs an initial depolarisation of the mem-
brane if NOj- is added to the bathing medium of the cell. These
results would imply that N 0 3~is transported into the cell as H 4
NO3 symport mediated by an NOj- carrier protein. The symport
of these two ions into the cell would decrease the H + concen-
tration outside the cell, and this is expressed in the reduction of
transmembrane potential (depolarisation) as shown in the figure.
The movement of H + into the cell along with NOj“would result
in the net transport of NO3 into the cell (Figure 3b). The
depolarisation of the membrane would stimulate H+-ATPase
and this phenomenon results in the repolarisation (increase in
the transmembrane potential) followed by the earlier transient
depolarisation. Since the cell interior exhibits negative potential
(which occurs at the expense of cellular energy) the uptake of
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positively charged nutrient ions (cations) into the cell can take
place by an uniport mechanism without the cotransport of pro-
tons. Similarly, anions can be extruded through specific carriers
from the cell interior to the exterior since the latter has a positive
potential. Two different anions can be exchanged across the
membrane by an antiport mechanism resulting in the net uptake
of one of the anions at the expense of the efflux of the other.

In addition to the carrier proteins, there are channels for ion
transport which are also highly specific in recognising and tran-
sporting the designated ions across the membrane (Figure 2).
The channels are the openings in the membrane, and are
surrounded by proteins which would specifically allow a particular
ion to pass through. The channels would invariably carry out
uniport movement of ions driven by the electrochemical gra-
dient. A number of channels have been identified in plant cells
for the transport of ions such as K+, Ca2+, CI", etc., and also for
the transport of water. The water transporting channels are
known as aquaporins. These channels possess the unique charac-
teristic feature of opening and closing at definite time intervals,
and this phenomenon is governed by the thermal motion. In
addition, the opening of channels is also governed by the
transmembrane potential (voltage-gated channels), and also
influenced by regulatory molecules (ligand-gated channels).
There are also ‘stretch-activated’ channels in plants which are
regulated by the cell turgor. From the functional point of view,
both uniport carriers and channels are similar except that the
rate of transport through the channels is several fold higher
compared to that of carriers.

Transfer of Genes Encoding Transport Proteins has
an Enormous Economic Potential

So far, the transporter (carrier) genes for N03, H2P 04" S04™,
and K4 transport have been cloned from the plants. This
appears to have paved the way for transferring the genes encoding
transporter proteins into crop plants. It isimportant to point out
that high yielding crop plants require higher levels of fertilisers.
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Box 3. Gene* Encoding Transport Proteins have been Cloned.

A few genes coding for transport proteins have been cloned and made to express in vivo. Different strategies
have been adopted to clone these genes, and the cloning of NO,- transporter can be considered here as an
example for study The commonly used herbicide, chlorate causes yellowing of leaves culminating in
defoliation and de'ath of the weeds and other herbs. A mutant (CHL1) of Arabidopsis thaliana was obtained
which lacked the sensitivity to the chlorate herbicide. This mutant was unable to take up chlorate into the cell,
and therefore, the plants became resistant to the herbicide. Incidentally, chlorate (CIO, ) is a structural analog
of NO and therefore, istransported into the cell mediated by the NO,~ carrier. The CHL1 mutant is capable
ofgrowing in the presence of chlorate because it is defective in chlorate uptake, and consequently, NO, uptake
is also inhibited. R _
However the CHL1 mutants could be grown in the presence of nitrogen in some form other than NO,

(such as ammonium salt). An insertional mutant of chlorate uptake (invariably defective in NO, transport,
was also obtained by using T-DNA of the bacterium. Agrobacterium tumefaciem. This bacterium insists of
a plasmid known as Ti plasmid which has a segment in it referred to as T-DNA When the bacterium infects
the Plant the T-DNA segment of Ti plasmid is transferred to the host chromosome. The T-DNA integrates into
the plant DNA and expresses itselfalong with plant genes. The insertion of T-DNA into the plant chromosome
is random and therefore, there is a chance that it inserts itself into the NO, transporter gene and causes an
insertional mutation. When a large number of transgenic plants with T-DNA insertions were screened in the
presence of chlorate only a few plants were found to be green and healthy. These plants were later found to
be insertional mutants of chlorate (also NO,-) transport. A genetic cross between the insertional mutan and
the original CHL1 mutant indicated that both the genes cosegregated winch indicates that both mutations
occurred in the same locus. The DNA from the insertional mutant was isolated and the CHL1 gene was
identified by hybridising with labelled T-DNA. This had enabled cloning the flanking regions of the T-D
which was in fact the NO," carrier gene. This gene was cloned and transcribed in vitro to obtain the mRNA.
When the mRNA of this gene was microinjected into the oocytes of the toad Xenopus lac.vis, the NO, carrier
protein was synthesised in the toad oocytes and exhibited all the characteristics of NO, transporter in the
Xenopus oocyte including the ability to transport NO,- into the cell. Similarly, the gene encoding h. transporter
was isolated by using a different strategy from wheat roots and made to express in the yeast mutant which lacked
the ability to take up K+

This may have resulted because efficiency in nutrient uptake
was not addressed while breeding the crop plants for higher
yield. On the other hand, there are a large number of plants
which grow luxuriantly in wild in the soils which are poor in
nutrient content. These plants may manage to grow well in such
soils possibly because they have efficient nutrient uptake systems
Address for Correspondence preserved in them by natural selection. Therefore, there is a

G Sivakumar Swamy bright prospect for cloning the transporter genes from those
Department of Botany
Karnatak University
Dharwad 580 003, India

plants and transferring them to crop plants so that crop plants
would become more efficientin nutrient uptake thereby bringing
down their fertiliser requirement.
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Game Theory
1 Nash Equilibrium

P G Babu

This article tries to outline what game theory is all about.
It illustrates game theory’s fundamental solution concept
viz., Nash equilibrium, using various examples.

The Genesis

In the late thirties, the mathematician John von Neumann
turned his prodigious innovative talents towards economics.
This brief encounter of his with the day’s economic theory
convinced him that it was in need of a new mathematical tool. In
the years that followed, he along with Morgenstern went about
creating a brand new mathematical tool (anticipated by Borel
and before him by Cournot). This new tool was offered to the
profession in their now classic book ‘Theory ofGames and Economic
Behavior’. In this book, they developed two person zero sum
games and other cooperative game theoretic concepts. But, soon
economists found out that the phenomenon of ‘one person’s
gain is the other person’s loss’ was too restrictive in many
applications. After some initial euphoria, the interest in this
new tool died down except for a small hard core group of
mathematicians who continued to work on these concepts.
Princeton was the epicentre for most of them. Hence, it is not a
surprise to see young Nash Jr taking the next giant step in the
Fine Hall of Princeton towards what we now know as ‘modern
non-cooperative game theory’.

Game theory can be viewed as an interactive decision theory'. It
deals with the situations where people with different (mostly
competing) goals try to take into account others’ actions in
deciding on the optimal course of action. Take for instance
chess. When you decide what move to make, you also take into
account the likely response of the opponent and your next
response, his reply and so on. The fact that your opponent has
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Box 1. John Nash Jr.

John F Nash Jr came to Princeton for his graduation in mathematics
with a one line recommendation which said “This man is a genius”
Within two years of his arrival, when he was just twenty, Nash
completed his 21 page doctoral dissertation under Al Tucker; this
dissertation lays down much of what we now know as modern game
theory, with the famous equilibrium concept (which stands in his
name) to analyse n-person, non-zero sum situations as the centre piece.
Even before his arrival at Princeton, Nash Jr, as an undergraduate
student, wrote a term paper for a course on international economies
(his only encounter with economics). This term paper later on became
one of the all time great papers in game/economic theory which laid the
foundation stone for bargaining theory. Soon afterwards, Nash Jr was

struck by schizophrenia and lost his next thirty years to this disorder and recovered miraculously in 1989
to win the Nobel Prize in Economics for the year 1994 along with John Harsanyi and Reinhard Selten.

equal intelligence and self interest enables you to duplicate his
reasoning process. For example, consider two companies
producing the same product and competing in the same market.
Their aim would be to capture as much market share as they can
using various ploys such as price cutting, gift schemes, and
advertising. Which one of these ploys would be successful given
the opponent company’s ploy? Game theorists are interested in
exploring such situations.

Eternal Dilemma

The best way to learn game theory is through playing games. Let
us begin with one of the most popular games, viz., prisoners’
dilemma. This game has been attributed to A1Tucker of Princeton
University. In this game there are two thieves who have been
caught by the police and brought before the magistrate. As there
is only circumstantial evidence to their crime, the magistrate
comes up with the following clever scheme. He locks them up in
separate cells in such a way that they cannot communicate with
each other. If they both plead guilty, they get 10 years
imprisonment each. On the other hand, if both plead not guilty
they get away with 1lyear prison terms. But, if one pleads guilty
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PRISONER 1
CONFESS
CONFESS -10,-10
PRISONER 2
DON'T CONFESS -15,-0 5

and the other not guilty, then the one who pleads guilty gets 0.5
years and the other gets 15 years imprisonment. The question
now is: did the magistrate do the right thing by offering this
scheme to the prisoners?

The actual game structure of this decision situation is given in
Figure 7. This structure is known as the normal form game where
the sequences of moves and countermoves (in other words, the
temporal structure) are suppressed. Players are assumed to move
simultaneously and choose one of the two actions: to plead
guilty or not guilty. The actions of the two players result in an
outcome. An outcome is generally marked by the payoffs. These
payoffs are given by the numbers appearing in each cell
corresponding to their actions. The first element stands for the
row player’s payoff and the second corresponds to that of the
column player. Players are assumed to be rational economic
agents who are interested in maximising their payoffs. The
following features of the game are common knowledge (‘everyone
knows it, everyone knows that everyone knows it, ...’): the
rationality of the players, the action choices, and the payoffs.

Let us see ifthe magistrate did the right thing or not. Look at the
row player. His best payoff is 1year prison term but to get that
he needs to plead ‘not guilty’. But, his co-conspirator now has
the incentive to plead guilty as she can get away with 6 months
imprisonment. Given this fact along with the knowledge that
she is a rational player leads the row player to believe that if he
were in her position he would choose to plead guilty. With this
reasoning at the back of his mind, he prefers to plead guilty. The
column player also reasons along the same lines and opts to

VYW
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DON'T CONFESS

-0.5, -15

-1,-1

Figure 1. Prisoners’ dile-
mma.

Players are
assumed to be
rational economic
agents who are
interested in
maximising their
payoffs.
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1These are the resources for
which no one has exclusive
property rights and hence none
have any incentive to protect
the resource or optimally use it.
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Box 2. Pareto

Efficiency

Pareto efficient solution is
one where the players
cannot in any way improve
their payoffs
through a different action

current

choice without reducing
others’ payoffs. In the
above game, the outcome
where both the prisoners
are 'pleading guilty’ can
be improved upon by both
deciding to plead ‘not
guilty’ without hurting the
other player's payoff.
Hence, we conclude that
the unique Nash equili-
brium ofthe game is Pareto
inefficient.
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plead guilty. Note that pleading guilty is the only possible
solution in this game. Hence, both end up pleading guilty
vindicating the magistrate’s scheme.

This game brings about the contradiction between the
individually rational outcome (both pleading guilty) and what is
collectively good for all (both pleading not guilty). It also shows
that the resulting solution to the game could be Pareto inefficient
(See Box 2).

Note that conjectures about the opponent’s play has no role
in picking the final solution in this game. The equilibrium
concept we have used to solve the game is what is known as
the Nash equilibrium: choose the best action from among
your action set given that the opponent will choose her best
action. Of course, we assume that the action sets, payoffs and
the game structure are common knowledge. This game can be
used to study various issues such as: two firms competing to
sell the same product (say, a toothpaste), two nations erecting
trade barriers and the exploitation of common property
resources 1 such as fisheries.

Notice that the key to arriving at the Nash equilibrium
outcome in the above game is the individual’s ability to
duplicate other’s reasoning process. But if you do not know
the other person’s characteristics, his tastes, ability, ideology,
etc., then you can not reason what he will do in a given
situation. In real world, such lack of knowledge about one’s
opponentisthe norm. For along time, game theorists did not
know how to formulate such a situation. This proved fatal to
the applicability of game theory to real world problems. In
this situation, John Harsanyi provided a breakthrough. In a
three part paper writtep in early 1960s, he showed how one
can formulate games where people do not have much
information about each other. It would be apt to say that
Harsanyi was the one who resurrected game theory’s appli-
cability. This formulation of Harsanyi is however beyond the
scope of this paper.
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Box 3. John Harsanyi

Harsanyi, bom in a pharmaceutical family in Hungary (1920) proved his
early mathematical prowess by winning the first prize in high school
mathematics in the whole of Hungary. later on he vacillated between
various subjects including botany and finally went on to earn a doctorate
in philosophy from the University of Budapest. In the aftermath of the
second world war, Harsanyi migrated to Australia where he worked as a
factory worker and later as a clerk for the association of the coal mining
industry. To improve his career opportunities, he learnt economics during
his spare time and wrote a few papers in international economics to win a
job as a lecturer at the University of Queensland. From there he went to
Stanford University in the USA on a Rockefeller fellowship and wrote his

j second doctoral thesis, this time in economics, in 1959. After a few years in Australia, he went back to the
; USA tojoin the faculty of University of California. Berkeley from where he retired in 1990. Harsanyi’s
1 academic career offers a complete contrast to the fairy tale career of John Nash Jr along with whom he
! shared a Nobel Prize in 1994.

Rational Pigs

Let us move on to the next game situation (Figure 2). This is
astory of two rational pigs. Though both the pigs are rational,
one is weak (called subordinate pig) while the other one is
strong (christened as dominant pig). These two pigs are put
in a cage. There is a lever at one end of this cage which when
pressed delivers (for quantification) exactly six grains of
maize at the other end. Now, if the pigs want food, they need
to learn to press the lever and run to the other end. If the
subordinate pig presses the lever, the dominant pig can eat all
the six grains. On the contrary, if the dominant pig is the one
to press the lever, the subordinate pig can eat up five grains

Figure 2. Therational pigs.

DOMINANT PIG
PRESS DON'T PRESS
PRESS 15,35 -0.5, 6
SUBORDINATE PIG
DON'T PRESS 505 0,0
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husband of Mia Farrow had to
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before the dominant pig arrives. It is observed that once the
dominant pig reaches the grain dispenser, it can get everything
that is remaining. In the unlikely event of both the pigs
pulling the lever together, the subordinate pig (given its lean
constitution) can run faster and eat two grains. Pressing the
lever and running to the grain dispenser involves expenditure
of some calories and for the sake of quantification, we assume
that it can be measured in grain units, viz., 0.5 grains Who
will learn to press the lever?

The above normal form game corresponds to the decision problem
facing our two rational pigs. For the subordinate pig, whatever
the dominant pig does, not pressing the lever is the best strategy
(in the sense that its payoff is higher than the other strategy
‘pressing the lever’)- Now, what would the dominant pig do? It
has to form conjectures about the subordinate pig’s behaviour. If
it believes that the subordinate pig would press the lever, then,
the best strategy available is to wait near the dispenser. But,
putting itself in the subordinate pig’s shoes, the dominant pig
would realise that the subordinate pig will not press the lever.
Given this logical conclusion, it is optimal for the dominant pig
to press the lever and get 0.5 grains net compared to starvation.
Hence, the dominant pig will learn to press the lever. At times,
weakness could be strength2

In this game there is no conflict between individual rationality
and collective rationality unlike the prisoners’ dilemma game.

Setting the Shop

Let us move on to the third story. Here we face two pav bhaji
vendors on Juhu beach trying to find proper locations for their
shops. They have to charge the same price to survive but, they
can locate anywhere they want on a straight line beach. Their
customers are spread out all through the beach and are in
general averse to walking. Hence, they would prefer to buy from
a shop which is closest to them. Where should the pav bhaji
vendors locate their shops?

————— —v e
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Unlike our two earlier games, here players are forced to form
dynamic conjectures. Given the nature of the problem, all the
customers to the left of, say, pav bhaji vendor A will buy from
him and those to the right of B would buy from her. Ofthose in
between them, half will go to A and the rest to B. Now, A
reasons as follows: if I can shift my shop one yard closer to B
then I can get that many extra customers; but, B being arational
seller will reason the same way and hence she would also move
ayard closer to my location. Given that, | need to go two yards
closer to B and she would also do the same reasoning and move
two yards closer.Hence, | need to go three yards closer... .
Ultimately, this logic will stop when A decides to locate the
shop right next to that of B and B also does the same thing and
it isnot difficult to figure out that this location will be exactly in
the middle of the beach.

Unlike the previous games, here the logic is fairly subtle. In the
previous games, either both or at least one player had a unique
best response to whatever the other player did. In this location
game, both the players have to simultaneously form conjectures
about their rival’s choice.

There are many real world situations which bear out the logic
inherent in this game. You would have noticed that petrol
pumps are located close to each other. The same is true for shops
selling foreign goods: witness the Burma Bazaars of Madras,
Bangalore and Trichy. Also, next time when you fly notice how
different airlines schedule their flights close to each other on a
given route.

One too Many

You might have noticed that in some sense the previous location
game involved dynamic reasoning. In all the games we have seen
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Figure 3. Location game.

In this location
game, both the
players have to
simultaneously
form conjectures
about their rival’s
choice.
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WIFE

MOVIE SAREE
MOVIE 1,1 0.0
SAREE 0,0 11

so far, there have been more or less unique solutions. Could it be
that Nash equilibrium always yields an unique solution? Alas!
How | wish it were true! But, unfortunately the answer to that
question is ‘no’. See for example the following game called
‘battle of the sexes’. There is a husband and his wife who have to
decide where to go for the evening outing. The husband wants to
go to amovie while the wife wants to go to the saree shop. Being
newly married, wherever they go, they go together. Their problem
can be formalised as follows: A careful perusal of this game will
tell us that there are two Nash equilibria (to be precise, two pure
strategy Nash equilibria). One is when both the husband and
wife coordinate on movies and the other when they decide to go
to a saree shop. We cannot a priori predict which one of these
two solutions will occur. This example alerts us to the problem
of multiplicity of Nash equilibria which is a rule rather than an
exception in real life decision situations.

So far we have not explicitly introduced the sequential (or
temporal) nature of moves by players. In the next part we will
address this in a more realistic structure.
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Machine Translation

A Gentle Introduction

Durgesh D Rao

Machine translation is the study of designing systems
that translate from one human language into another.
Thisisahard problem, since processing natural language
requires work at several levels, and complexities and
ambiguities arise at each ofthose levels. Some pragmatic
approaches can be used to tackle these issues, leading to
extremely useful systems. This article introduces the
main concepts, issues and techniques involved in machine
translation, and looks at some applications.

Introduction

Imagine this scenario. You dial your colleague in Tokyo. You do
not speak Japanese, and he does not speak English. Yet, you are
able to converse! You speak into the phone in English, which
automatically gets translated into Japanese for him. He replies
in Japanese, and you hear it in English. Such a scenario is not yet
a complete realityl, but it is a possibility that has excited and
engaged researchers in a field known as machine translation (MT)
for a number of years.

Machine translation isan important sub-discipline of the wider
field of artificial intelligence (Al). Al (among other things) deals
with getting machines to exhibit intelligent behaviour. As you
might imagine, both Al and MT are interesting and challenging
fields. In this article, we will look at the important concepts,
issues and techniques in MT.

A machine translation system essentially takes a text2 in one
language (called the source language), and translates it into
another language (called the target language). The source and
target languages are natural languages such as English and

Hindi, as opposed to man-made languages such as C or SQL.
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' The ‘'translating telephone’
technology is expected to
mature in the 2010s. The Janus
project at the Carnegie Mellon
University is an example of
current efforts in speech-to-
speech translation (see Box 1).

2 In this article, we assume text-

to-text translation Some

applications, such as the
translating phone, may need
speech input or speech output,
or both, but those can be
handled by speech recognition
and synthesis modules
respectively, with a text-to-text

translation system in between.
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Box 1. Research MT System Example: The ‘Janus’ Translating Phone Project

The Janus project at the Interactive Systems Lab, Carnegie Mellon University, is working on a set of
translation projects. One important prototype is the Translating Videophone Station .

This prototype system allows two users to communicate in a given domain via a videoconferencing
connection. Each party sees the other conversant, hears his/her original voice and sees/hears translation
of what he/she says as subtitles, captions and/or synthetic speech. The situation is cooperative, that is, both
users want to understand each other and collaborate via the system to achieve understanding.

After the record button is activated, the station accepts spoken input and produces a paraphrase ofthe input
sentence first. Once the user has verified that the system properly understood the intended meaning, he/
she activates the ‘send’ button to send atranslation ofthis intended meaning to the other site in the desired
language. Various interactive correction mechanisms facilitate quick recovery, should possible processing
errors and miscommunications have altered the intended meaning.

Using the technology ofthis prototype, ISL is also developing prototypes for a portable translation system
based on laptops, and simultaneous translation of two speakers in a dialogue.

For more information, visit the ISL homepage at http://www.is.cs.cmu.edu/
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Hence an MT system can be said to be doing natural language
processing (NLP). In fact as we shall see later, most machine
translation applications require some degree of natural language
understanding to do the translation.

Machine translation as a discipline dates back to the early
nineteen-fifties. The complexity of the problem was originally
underestimated, and some early successful demonstrations of
experimental systems lead to unrealistic expectations which
were hard to fulfil. This led to some skepticism, and funding on
MT work almost ceased. In the early eighties, the Japanese Fifth
Generation Computing Project revived interest in this work.
The current approach to MT is more pragmatic and realistic. It
is now widely accepted that fully automatic, general-purpose, high
quality machine translation is a very difficult problem, but very
useful and practical systems can nevertheless be developed by
relaxing one or more of these criteria, and several useful systems
have been built by doing so, and are in use today. Such systems
are being used to translate public announcements, weather
bulletins, technical documents, and web pages. Some machine
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Source r . . Target
Language Analysis Transfer Generation Language
Intermediate Intermediate
Representation Based on Representation Based on
Source Language Target Language

translation services are starting to become available on the
World Wide Web. For example, the web page of the Altavista
search engine (http://www.altavista.digital.com) also provides a
translation service that can translate simple sentences among a
handful of languages.

Components of an MT System

We can divide the machine translation task into two or three
main phases - the system has to first analyse the source language
input to create some internal representation. It then typically
manipulates this internal representation to transfer it to a form
suitable for the target language. Finally, itgenerates the output in
the target language.

Atypical MT system contains components for analysis, transfer
and generation as shown in the diagram. These components
incorporate a lot of knowledge about words (lexical knowledge),
and about the language (linguistic knowledge;. Such knowledge
is stored in one or more lexicons, and possibly other sources of
linguistic knowledge, such as grammar. The user interface is
invariably a crucial part of most MT systems. The interface
allows users to verify, disambiguate and if necessary correct the
output of the system. Another common feature of NLP work is
the use of large ‘corpora’ (plural for ‘corpus’)- A corpus is a large
collection of text which has been appropriately tagged, and is
used for acquiring the required lexical and linguistic knowledge.

The lexicon is an important component of any MT system. A
lexicon contains all the relevant information about words and
phrases that is required for the various levels of analysis and
generation. A typical lexicon entry for aword would contain the
following information about the word: the part of speech, the
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morphological variants, the expectations of the word (or the
typical words, phrases or constructs that this word typically goes
with), some kind of semantic or sense information about the
word, and information about the equivalent of the word in the
target language. Some systems prefer to split the lexicon into a
source lexicon, a target lexicon, and a transfer lexicon that maps
between the two. The exact format oi the lexicons is a matter of
engineering design, and would take into account the system
designer’s policy about issues like how to handle morphological
variations, multiple word senses, synonyms and so on. An MT
lexicon typically needs to be much more formal, precise and
elaborate than a typical human dictionary, since it is meant for
mechanical processing, and not for reading by humans. 1 he
lexicon plays a central role in modern MT systems.

Approaches to Machine Translation

Based on how closely the internal representation depends on the
source and target languages, approaches to MT can be divided
into three major classes - direct, transfer-based and inter-lingual, as
illustrated in the diagram.

A direct MT system tries to directly map the source language to
the target language, and is therefore highly dependent on both
the source and target languages. A transfer-based approach first
converts the source language into an internal representation
(IRs) which is dependent on the source, but not the target
language. The system then transforms IRs into a form (IRt)
which is independent of the source language and depends onl\
on the target language, and finally generates the target language
output from IRt. The inter-lingual approach converts the input
into a single internal representation (IR) that is independent of
both source and target languages, and then converts from this
into the output.

The difference between these approaches becomes clear if we
consider translation between more than one pair of languages.
Consider a case where we want to translate among N different

AW
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languages. The direct approach allows one to exploit knowledge
about the particular language pair while developing the systems,
but has the disadvantage that we need to create a new system for
every new language pair, or N(N-I) such systems. The inter-
lingual system is theoretically the best, since it requires only N
analysers and N generators. However it requires the creation of
a very general inter-lingua, which may be very difficult. The
transfer approach lies between these extremes, and is the most
widely used approach in practice.

Levels of Natural Language Processing

Dealing with natural language typically requires processing at
various levels. In increasing order of difficulty, they are:

e The lexical level (or the word level): This level deals with
looking at the input string of characters and separating them into
tokens, which may be words, space or punctuation. This level also
deals with issues like hyphenated words, and misspelt words. It
is the lexical level which tells us that the input “He joined the
parti” consists of four words, of which the last is incorrect. This
level is sometimes called ‘tokenisation’ or ‘lexical analysis’.

* The syntactic level (or the sentence level): This level deals
with identifying the structure ofasentence, and verifying whether
asentence is grammatically correct. This level typically consists
of a parser\ which looks at a grammar of the language, and the
input sentence, and tries to form a ‘parse tree’. If it can form a
parse tree, the sentence is syntactically correct, and the parse
tree gives us the structure and function of the various components.
For example, a typical English sentence would consist of a
subject and a predicate. The subject is normally a noun phrase,
and the predicate is a verb phrase, and so on. The syntactic level
tells us that the sentence “He the party joined” is (syntactically)
incorrect, even though each word in it is (lexically) correct.e

* The semantic level (or the meaning level): This level deals
with the meaning of the input and its components. It is the
semantic level which tells us that the sentence “He ate the
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party” is semantically incorrect, though it is lexically and
syntactically well-formed. In general, semantic analysis
involves knowledge about the world, or at least the relevant
aspects of the world.

» The discourse and pragmatic level (or the conversation context
level): This level deals with information carried across multiple
sentences, and with information that is not explicit in the input,
but is implicit in the socio-cultural context of the input passage
or conversation. For example, the expected answer to the
question ‘Do you know what the time is?” is something like
“4 p.m”, and not just “Yes”, though the latter is lexically,
syntactically and semantically accurate.

A machine translation system needs to transfer across all these
levels.

Issues in Machine Translation

Machine translation (and natural language processing in
general), is a difficult problem. There are two main reasons,
which are related. The first reason is that natural language is
highly ambiguous. The ambiguity occurs at all levels - lexical,
syntactic, semantic and pragmatic. A given word or sentence
can have more than one meaning. For example, the word
‘party’ could mean a political entity, or a social event, and
deciding the suitable one in a particular case is crucial to
getting the right analysis, and therefore the right translation.
The second reason is that when humans use natural language,
they use an enormous amount of common sense, and
knowledge about the world, which helps to resolve the
ambiguity. For example, in “He went to the bank, but it was
closedfor lunch”, we can infer that 'bank’ refers to a financial
institution, and not a rivef bank, because we know from our
knowledge of the world that only the former type of bank can
be closed for lunch. To get MT systems to exhibit the same
kind of world knowledge in an unrestricted context requires
a lot of effort.
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Contemporary Machine Translation Systems

The factors mentioned above make it impractical to design
completely general-purpose, high-quality, fully-automatic
machine translation systems, as already mentioned in the
introduction. Contemporary practical machine translation
systems therefore adopt one or both of the following strategies:

1 Restrict the domain of application, or the complexity of
the language: This is known as the sublanguage approach, which
relaxes the criterion of general-purpose translation. One example
of arestricted-domain approach is a Canadian system known as
TAUM/METEO, which has been translating weather bulletins
from English to French, completely automatically, foranumber
of years. Another example of a sub-language approach is the
system in use at the Caterpillar Tractor Company in the US.
This company sells tractors in all parts of the world, and needs
to maintain manuals in more than 15 languages. They have a
system that ensures that the original manuals are written in a
subset of English that is sufficiently well-defined to allow
automatic translation into all the other languages.

2. Involve the human in the loop: Such systems relax the
criterion of full automation, and rely on human editors for pre-
editing the input, or post-editing the output, or disambiguating
during translation. Depending on who does more work, the
systems can be called ‘Human Assisted Machine Translation
(HAMT)’, or ‘Machine Assisted Human Translation (MAHT)’,
also known as translation tools. One example of a translation tool
is a technical dictionary, which is particularly useful for
translation in technical domains, to help ensure correct and
consistent translations of technical terms. For example, the
word for ‘Dialog-box’ in Italian is ‘finestra’, which means
window’, and in French is ‘boite’, which means ‘box’. A
translation tool would allow a user who does not know too much
French or Italian to translate such terms.

Typical commercial systems (See Box 2) use one or more of

these methods.
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Box 2. Commercial MT System/Tool Examples: Systran and METAL

Systran is an automatic translation system based on the transfer approach. It works on a sentence by
sentence basis. The three main module classes are the Dictionary, Systems Software and Linguistic
Software. The Dictionary module contains over 2.5 million terms across all covered language pairs, and
includes specialised phrase dictionaries and an ability to have user-specific dictionaries. |he Linguistic
modules contain the analysis, transfer and generation components for the various languages. The Systems
module deals with the user interface, file manipulation and integration of the other components.

Systran began as aresearch project at the California Institute of Technology in 1957, and was later funded
by the US government to do Russian to English translation. Over the years, the technology matured and
came to be used by corporates like Xerox and Ford. The Altavista Search Engine site uses Systran to offer
a translation service. Today, Systran is a set of translation systems ranging from stand-alone PC versions
to client-server models, covering 14 language pairs.

For more information, visit the Systran homepage at http://www.systransoft.com/

METAL was atranslation system initiated in the late seventies by Siemens-Nixdorf with the University
of Texas. It uses the concept of a controlled language to achieve high quality translation in various
technical domains. It can also produce indicative translation for general texts, which needs to be post-
edited for style. METAL is now called LANT-MARK. and marketed by LANT, a Belgian company. LANT
has a suite of related Language Technology products: LANT-Master. a language checker, integrates into
existing word processors like MS-Word and allows the vocabulary and style of texts to be in a controlled
language which can then be automatically translated: Pangaea is an electronic dictionary that allows the
creation of customised phrase lexicons; Eurolang Optimiser, is a translation tool that uses the concept of
translation memory.

For more information, visit the LANT homepage at http://www.lant.be/

Current Work

The current focus in MT research is on using machine learning
techniques to automatically acquire the lexicon and grammar.
This involves using large corpora and applying statistical
techniques such as symbolic induction or neural networks to
capture correlations in the corpus. The corpora used can be
either for a single language, or can be ‘aligned corpora’ which
means a bilingual corpus of translated text in the source and
target languages, containing information about which part ot
the source language text corresponds to which part of the target
language text. Another related approach, called as translation
memory, is to automatically ‘remember’ the entire translations
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Box 3. Indian Machine Translation Projects

India is a relatively new player in the machine translation field. With its large number of languages, it is
a major potential beneficiary of the technology, so research in this area needs to be intensified and
coordinated.

Currently, there are at least four major machine translation efforts in India. They are currently being
funded by the Technology Development in Indian Languages (TDIL) project of the Department of
Electronics (DoE), Government of India.

. The Anusaaraka group with researchers from the Indian Institute of Technology, Kanpur and the
Centre for Applied Linguistics and Translation Studies (CALTS) and University of Hyderabad has been
working on using a Paninian Grammar approach to deal with Indian languages. The Paninian Grammar
approach uses an internal representation that is based on the kaaraka theory developed by Panini to
describe Sanskrit grammar, and exploits the similarity among Indian languages.

. The Anglabharati project, also originating from (IT Kanpur, deals with translation from English to
Indian languages. It uses a rule-based transfer approach, and has been tested on technical domains, such
as product manuals, and medical descriptions.

. The Knowledge Based Computing Systems (KBCS) group at the National Centre for Software
Technology (NCST) in Mumbai is currently working on MaTra, a prototype system for human-assisted
translation of news sentences from English to Hindi. This group is exploiting the use of human-computer
interaction to alleviate some of the traditional problems of machine translation.

. The Centre for Development of Advanced Computing (CDAC), Pune is developing Mantra, a
translation system for translating office documents from English to Hindi. It uses a formalism known as
XTAG, developed at University of Pennsylvania, and views the translation process as a mapping from one
syntactic tree to another.

of frequently occurring phrases or sentences in order to avoid
processing them repeatedly.

There is significant activity on machine translation in Japan and
Europe, and to a lesser extent, in the US. India is also active in
this field, with at least four or five active groups (See Box 3).
Given the multiplicity of languages in India, such efforts are
very relevant, and need to be intensified further.

Conclusion

Two phenomena have given anew impetus to machine translation
work - the globalisation of the world economy, and the explosion
of the Internet and the World Wide Web. Both these
developments mean that there is a need for making an immense
collection of natural language documents available to a multi-

YTy —
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lingual global audience, and translation tools and systems can go
a long way in meeting that need. The global translation market
is estimated to be at least 12 billion dollars. Systems that
automatically translate Kalidasa and Shakespeare may still be a
distant dream, but systems that translate stock market reports,
weather bulletins and technical manuals are a reality today, and
will continue to play an increasingly important role in the
society of the next millennium.

Suggested Reading

[1] The ACL NLP/CL Universe, http:llwww.cs.columbia.edu/~radev/ul db/
acl/htm1/ Contains a large amount of pointers to on-line NLP and MT
information and resources.

[2] John W Hutchins. Introduction toMachine Translation. Academic Press,
1992.A.good introductory book on machine translation.

[3] The Altavista Service, http:altavista.digital.coml This is a good site to
search formore information onanything, including Machine Translation.
It also runs a simple translation service based on the Systran system.

Computer Jones wished his pc to be Along with the internet connection
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Classroom

In this section of Resonance, we invite readers to pose questions likely to he raised
in a classroom situation. We may suggest strategies for dealing with them, or invite
responses, or both. “Classroom” is equally a forum for raising broader issues and
sharing personal experiences and viewpoints on matters related to teaching and
learning science.

A Simple and Rapid Method for Isolation of Cellular DNA

A simple method has been standardised to isolate cellular DNA N B Ramachandra
rapidly within 1 to 2 hours with common chemicals and simple  Department of Studies in
instruments. This experiment can be carried out at laboratories Zoology

. i University of Mysore
in undergraduate colleges and high schools.

Manasagangotri

i Mysore 570 006, India
Introduction

The elucidation of the structure of DNA in 1953 by James
Watson and Francis Crick was one ofthe most exciting discoveries
in the history of genetics and molecular biology. After under-
standing the functional properties of DNA viz, replication,
transcription, mutation, recombination and repair, it became
possible to manipulate DNA.

In India, we have now introduced a number of new courses at
undergraduate and postgraduate levels in life sciences. We
teach DNA technology in almost all disciplines of biology.
However, the infrastructure to provide practical knowledge of
DNA technology to the students is inadequate in most of the
colleges due to various reasons. In view of this, | have standar-
dised and demonstrated a few simple and rapid methods to teach
recombinant DNA technology at undergraduate and post-
graduate colleges by using commonly available chemicals and
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Box 1. Merits and
Demerits of the Protocol

Compared to standard
methods this is a simple
and low cost procedure,
where a few common
chemicals are sufficient for
the extraction. The method
does not require expensive
enzymes like proteinase K
and RNAse or expensive
equipment. DNA extrac-
tion can be completed
faster (within 1-2 hours)
than by standard methods.
This method does not
require handling of
hazardous chemicals like
phenol and chlocoform.
This method can be
introduced at the pre
university level and even
at the high school levels.
Readers are warned that the
yield of DNA by this
method is low and the
DNA extracted by this
method cannot be used for
research work without
further purification.

CLASSROOM

equipment. Here, | describe the isolation of eukaryotic DNA.
Principle

Most methods of DNA isolation involve the breakage or lysis of
the cells to release nuclei and further breakage of nuclei to
release the chromatin. DNA in cells exists as nucleoprotein
complexes and therefore isolation of DNA involves removal ol
proteins and carbohydrates (if any) associated with it. Finally,
the polymeric nature of DNA is utilised to precipitate it and

make it free of small molecular contamination
Reagents, Supplies and Equipment Required

(I) Tissue: spleen/heart/testis/kidney of any vertebrate or
coconutendosperm; (2) Mortar and pestles or glass homogeniser;
(3) Glass distilled water; (4) Centrifuge (range 3000 to 10,000
rom); (5) pH meter (optional); (6) 10 ml centrifuge tubes; (7) 30
ml test tubes; (8) Test tube rack; (9) bent glass rod; (10) Sodium
saline citrate solution (SSC-85mi of 0.9% sodium chloride
solution + 15ml of 0.5% sodium citrate solution usually gives
pH 7.4, if not adjust pH.); (11) 12% Sodium chloride solution
(Dissolve 12 gms of sodium chloride in 100ml of distilled water);
(11) Absolute alcohol (double distilled alcohol).

Laboratory Protocol

(1) Grind about 200mg of the tissues in about 5ml of SSC in a
homogeniser or with a mortar and pestle. (2) Transfer the
homogenate into a centrifuge tube and make up the volume to
10ml with SSC. (3) Centrifuge at 3000rpm for 8 minutes and
discard the supernatant.(4) Rehomogenise the sediment with
sml of SSC.(5) Adjust the volume to 1oml, centrifuge at
3000rpm for 8 minutes and discard the supernatant.(6) Then,
suspend the sediment in 10ml of 12% sodium chloride solution
and centrifuge at 10,000rpm (at least 7000 rpm) for 15 minutes.
(7) Transfer the supernatant into a 30ml test tube and add 2-3
volumes of absolute alcohol.(8) Gently mix it by inverting the
tube. The white fibrous DNA precipitates. (9) Spool the fibrous
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white DNA by winding around a clean sterile bent glass rod.

The presence of DNA in solution can be checked by the following
methods:

(@) Transfer the spooled fibrous DNA into a i.5ml eppendorf
tube, add 1ml of 70% alcohol, centrifuge for 5 minutes at 10,000
rpm and discard the supernatant. Then the pellet containing
the DNA is dried, dissolved in distilled water and optical density
is read in a spectrophotometer at 260nm wavelength.

(b) The DNA in solution can be colorimetrically estimated by
using diphenylamine colouring reagent [1]. In brief, the
deoxyribose purine in DNA in presence of acid forms
hydroxylevulinic aldehyde which reacts with diphenylamine to
give a blue colour. The formation of blue colour indicates the
presence of DNA and intensity of the colour gives the
concentration of the DNA in solution.

(c) The DNA is sheared by violent agitation by passing
through the small gauged needles as well as by boiling the
DNA solution for 10 minutes and chilling it immediately on
ice. This is needed to break the high molecular weight DNA,
otherwise it cannot get into the gel. For agarose gel
electrophoresis, the agarose gel can be prepared by dissolving
0.8% agarose with tris-acetate buffer {4 mM Tris, 2 mM acetic
acid, 0.2. mM EDTA, pH 81 (TAE)} on boiling and pouring
on to the casting tray after cooling the solution to 45°C and
placing aslot creating comb before the polymerisation of the
gel. Then place the polymerised gel into submarine
electrophoretic chamber containing TAE buffer and load the
DNA sample into the wells of the gel after mixing with
tracking dye. After this connect the power supply and run
the gel at 80 volts for 20-30 minutes. Remove the gel and
stain with ethidium bromide (et Br), a DNA intercalating
dye. The DNA-et Br complex can be seen as an orange
coloured fluorescent streaking band under ultraviolet light
on a device called transilluminator.

W\
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Suggested Reading

[1] RL Rodriguezand RC Tart.
Recombinant DNA Tech-
niques - An Introduction.
Benjamin/Cummings
Publishing Company, Inc.,
1983

[2] J Sambrook, E F Fritsch
and T Maniatis. Molecular
Cloning - A Laboratory
Manual. Second edition,
(three volumes). Cold
Spring Harbor Laboratory
Press. New York, 1989.

[3] BRGlick andJJ Pasternak.
Molecular Biotechnology-
Principles and Applications
ofRecombinantDNA. ASM
Press, Washington DC,
1994.

[4] J Jayaraman. Laboratory
Manual in Biochemistry.
Fiftyi reprint. Wiley Eastern
Limited. New Delhi, 1996.
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Teaching The Limit Concept

“Once more into the breach, dear friends, once more"
Shakespeare, King Henry V, I11.11

it is the experience of all mathematics teachers that at first
contact students face a lot of difficulty with formal analysis. The
difficulties are two fold. As Tall says in [1], "First the student
usually imagines the definition to describe an existing object,
rather than define the object by deducing its properties, thus
finding it strange to 'prove' obvious properties that seem already
to be true. Then there are further difficulties because of the
complex use of quantifiers [emphasis added] and the formality of
the deductions. The decision ofmost UK universities to abandon
the teaching of formal analysis as a first year university course is
evidence of its huge cognitive difficulty.”

Difficult or not, at some stage we have to tackle the problem of
teaching formal analysis. The question then is how best we
should go about it. At the heart of analysis is the concept of
limit, so let us consider how the limit concept could be taught.

To start with we need to decide whether it is possible, and if so
whether it is advisable, to present the limit concept in a way
which avoids the standard e-5 formulation. That this is possible
has been shown by Hijab in [2]. His approach is the following.
Define the limit of a monotone sequence as a supremum or
infimum as the case may be. Then define the limit superior and
limit inferior of a sequence as limits of appropriate monotone
subsequences. When they are equal define the limit of the
sequence to be their common value. Finally, define continuity
in terms of sequences. The back cover of [2] stresses the fact that
f's and S's have been done away with and uses it to advertise the
book.

There are other interesting innovations in the book and one may
want to consider using it as a text for some special batches of
students. However in the general Indian context it may not be
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wise to depart too radically from the traditional approach (say
that of Hardy; see [3]). As our students have to seek admission in
universities and in the process have to face examiners with
varying backgrounds, it may be safer to keep as close as possible
to the classical approach.

In [4], Berberian suggests ways of softening the impact of the
quantifiers by introducing stepping-stone concepts such as ‘ulti-
mately’, ‘frequently’and ‘null sequence’. A sequence is said to be
ultimately in a set 5 ifall its entries from some point on are in S.
It is called null if it is ultimately in every set of the form (~e, e).
We then say that a sequence (sn) converges to 5if (|sns Dis anull
sequence. A sequence isfrequently in a set 5 if infinitely many
entries of the sequence are in S. This concept is useful in talking
about limit points and in studying the properties of limsup and
liminf of a sequence. The approach seems promising, but the
student still has to come to grips with quantifiers in order to
understand the proofs.

The purpose ofthis article is to suggest away of avoiding the use
of quantifiers by taking a cue from the subjects of predicate logic
and automated reasoning, where use is made of a technical
device known as Skolemisation1 which reduces complex
propositions involving quantifiers to a standard form without
quantifiers, so that it is in principle easy for acomputer to check
them. In terms of pedagogy this approach seems a promising
one. We briefly present the idea below with some heuristic
motivation.

Let/: R->R be a function. We think of/ as an ‘input-output
box’, with an input of a giving rise to an output off (a). Now
imagine that there isan error in the input a; say we input instead
anumber x which is close to a. The output would then be / (x)
and the error in the output would be 1/(x) - / (a) I. So an input
error of [x - a lhas led to an output error of |/(x) -/ (a) | It is
clearly desirable that we are able to control the error in the
output by controlling the error in the input.

Wi
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' Thoralf A Skolem was a mathe-
matician who contributed to
logic, settheory and algebra in
the early twentieth century.
Suppes in 15 says that what is
now known as Zermelo-
Fraenkel set theory should in
all fairness be called Zermelo-
Fraenkel-Skolem set theory.
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Suggested Reading Definition. A control function for / at a point a is a function
S: (0, oc) -> (0, oo) such that for all e > o the following holds:
[1] Tall D O. Functions and

. _ If |x -a I< S(c),
Calculus, in International
Handbook of Mathe- then 7 OC)-/(a) I<e.
matical Education Part 1. . . . .
. If f has acontrol function at a then /is said to be continuous at
Alan J Bishop et al (eds)

Kluwer Acad. Pub., Dor-
drecht, 1996.

N ) Atfirst glance the definition may seem to be merely a rephrasing
[2] Hijab O. introduction to o .
c . of the standard s - S definition. However some reflection and a
alculus and Classical
Analysis. Springer-Verlag little experimentation show that this apparently minor change

Undergraduate Texts in
Mathematics, 1997.

[3] Hardy G H. A course of
Pure Mathematics. Cam-
bridge Univ. Press, 1967
(10th edition).

[4] Berberian S K. A First
Course in Real Analysis.
Springer-Verlag, 1994.

[5] Suppes P. Axiomatic Set

allows us to present the standard proofs in a logically simpler
form. To illustrate this, we present a standard proposition and
indicate its proof.

Proposition. Suppose that / and g are continuous at a. Then
(1) f +gand (2)f-g are continuous at a.

Proof. Let € and S2be control functions at a for/ and g
respectively.

= in” i
Theory. Van Nostrand. (1) Let 6{e) = min~ff/2), 5Xs/2)} forall e > 0 Then 5is a
1960. control function for f + g ata.
[6] Bledsoe W W. Some Auto- (2) LetAf,= \f(a)\+I,M2=|g(a)|+ 1. Define the function S on
matic Proofs in Analysis, (0, 00) thus:

in Automated Theorem
Proving: After 25 Years. S(S) — min] 5X

(eds) W W Bledsoe and D 2M, ZM\)
W Loveland, Contem-
porary Mathematics. 29.

Now suppose that IX—a I< <5(). Then IX—a 1< 4(l), so
Am. Math. Soc., 1984.

[/(X) 1< 1/(a) 1+1=MV Therefore
f(x)g (x)-f(a)g () U 1/(x) Ng (*)- g(a) I+ \g(a)\\f(x)-/(a)!

£
<Ms.. > 1M i - £,

so the implication ‘|x —a 1< S(e) => 1/(xX)g (x) f (@)S ()
holds. Thus ~is a control function forf g ata.

It is asimple exercise to write the proofs of various propositions
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concerning limits and continuity in terms of control functions.
Note that one can similarly define the limit of a sequence in
terms of a control function from (0, oo) to the set of natural
numbers N.

A case can readily be made in favour of using control functions
to teach the limit concept, but whether it actually ‘works' (i.e.,
whether students really benefit) can only be decided after some
experimentation by a body of teachers. It is hoped that this
article will provide the necessary stimulus for such experi-
mentation.

Please Note

In ‘Special Relativity - An Exoteric Narrative: Wherein we put formulas in their place’, Resonance
Classroom Section, VVol.3, No.5, pages 03-72 the figures should appear as follows:

o A ap-bq
L ba MEPQ VN
Mf \Y M N
'L ap ap N ap aP
V. a M N
Figure 1 Figure 2.
b b i
L= © N ar MR N
M N L- M------ N*
ap aP bq bQ
ap aP
bQ-aP M
Figure 3. Figure 4.
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Linear Analysis

C Varughese

LinearAnalysis
Bela Bollobas
Cambridge University Press, 1990
Published in India by Foundation Books
New Delhi, 1994
pp. 240, Rs. 125

The appearance of an Indian edition
of Bela Bollobas’ book ‘Linear Analysis' must
surely be welcomed by advanced
undergraduate and masters level students in
this country. The author mentions that the
book reflects the way he would have liked to
have been taught analysis. Many readers
will, undoubtedly, echo the same feelings
about the work.

The book isacomprehensive introduc-
tion to what is usually characterised as func-
tional analysis. As such, it is well suited to a
fast-paced one semester course, or a relaxed
two semester course, at the MSc level. It
includes a few topics outside the routine fare,
some to provide ageometric flavour and some
to provide a glimpse of more recent results in
the subject. The latter serve to give the
subjects covered awide chronological spread.

For a book that is modestly sized, it is
surprisingly self contained. Definitions are
rarely assumed and are instead stated
explicitly. Notwithstanding an index ofnota-
tions at the end of the book, even elementary
definitions are often reiterated when used in
different contexts. This protects the reader
from the handicap of a definition forgotten.

The author gives proofs for most facts
relevant to the main thread of the discussion.

78

These include some, which in similar settings
are rarely more than just stated (for example,
the well ordering principle is derived from
Zorn’s lemma). In general, proofs appearing
in the book are quite ‘efficient’. This is a
consequence of a judicious choice and
ordering of prior material.

Some of the definitions and results are
presented in a more general setting than may
be appropriate for a beginner. This is exem-
plified, for instance, in the rather involved
statement of the fact that compact operators
form an ideal in the space of bounded
operators. Consequently, the onus is occasio-
nally on the reader to adapt the statements to
simpler situations to gain a better under-
standing. (For instance, while discussing an
operator between two Banach spaces, one
should first visualise the case when both
spaces are the same, or possibly an operator
on aHilbertspace.) The attendant advantage,
of course, is that there is enough to be
discovered in subsequent readings.

By its very nature of being compre-
hensive and concise, the book is expectedly
not exhaustive. It is a guided tour of the
subject with ample pointers for deeper study.
It must be pointed out, though, that no
compromise is made on rigour.

Bollobas quotes Harald Bohr’s
sentiment that ‘analysts spend halftheir time
hunting through the literature for inequalities
which they want to use but cannot prove’.
He goes on to provide aremedy in the form of
an opening chapter on basic inequalities...
Holder, Minkowski, Cauchy-Schwarz, etc.

The reader is then introduced to
normed spaces and linear operators on them.
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This leads on to linear functionals and the
Hahn-Banach theorem. An interlude on finite
dimensional normed spaces is followed by a
train of staple theorems...Baire category,
closed graph, Tietze-Urysohn, Arzcla-
Ascoli, Stone-Weierstrass and others. The
chapter on contraction mappings that follows
might more suitably have been placed later
in the book (just before the chapter on fixed
point theorems).

A discussion of weak topologies is then
followed by a study of Hilbert spaces and
some spectral theory. A couple of chapters
on compact operators (including the spectral
theorem, as a prototype of general spectral
theorems) wrap up the operator theory.

A chapter on fixed point theorems and
one on the invariant subspace problem (with
some known results) provide a finale.

For a subject as well established as the
one this book covers, the main body of the
text is bound to be a standard set of topics
that form the backbone of the subject. But
like different performers playing the same
musical composition, the difference between
authors is the relative emphasis on various
results. So it is with this book. Thus we find
in it some results that other authors have
chosen to play down, or ignore (like the fact
that, in an incomplete space, there is always
a noil-convergent series which is absolutely
convergent).

One fact that the author emphasises
(and deservingly so) is that the identification
of a Hilbert space with its dual is an anti-
isomorphism. The belittling of this fact is
However, the
use of the same notation for the adjoint of an

often a source of confusion.
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operator, acting on the dual space and on the
Hilbert space itself (following the
identification), could be a mild source of
confusion. Stating, for instance, that the
spectrum of T is the same as the spectrum of
T on a Banach space and that the spectrum of
T is the conjugate of the spectrum of T in
the context of a Hilbert space, could be
perplexing to a beginner. One hopes that the
author’s repeated
identification ofa Hilbert space with its dual
is antilinear will dispel any confusion.

The notes at the end of each chapter
are apleasant departure from the usual insipid
bibliographical listings. These notes provide
historical settings for the topics and also the
author’s polite evaluations (at least the
positive ones) of various sources.

The write-up on the back cover of the
book characterises the copious collection of
exercises as ‘some straightforward, some
challenging, none uninteresting’. The
exercises certainly live up to this description
and supplement the text very well.

However, the inclusion ofsome ofthese
exercises in the main text, as examples, might
have served a useful purpose of illustration.
It might also have provided awelcome break
in the parade of theorems, lemmas and
corollaries. This would have given the reader
a breather in what is otherwise a slightly
intense presentation.

Of course, this is asking for more icing
on the cake. Irrespective of this, what
Bollobas has served up is quite delightful.

reminders that the

C Varughese, Indian Statistical Institute, Bangalore,
India
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Reflections

Elementary Particle Physics - Then and Now

The 1951 Indian Science Congress Presidential address (reproduced in the following pages) by Bhabha
can broadly be divided into two parts. In the first, Bhabha talks about the development of modem science, the
importance of experiments in arriving at the laws of nature and the question ot a final lundamental theory. In
the second part, he describes the status of ‘Elementary Particle Physics' at that time.lt may therefore be
worthwhile to briefly describe the present situation regarding ‘Elementary Particle Physics'.

In early 1951, one already knew about ten different (so called)elemcntary particles. Soon hundreds more
were discovered. This created a crisis since scientists and philosophers have always been fascinated by the idea
that the number of basic constituents of nature should be few. Fortunately this crisis was resolved to some extent
in the following decades. The modern picture of the basic constituents and their interactions is described by the
so called ‘Standard Model’. There are four basic forces in nature which in the order of decreasing strength are
(i) strong interactions (ii) electromagnetic interactions (iii) weak interactions (iv) gravitational interaction As
for the basic constituents, there are six varieties (flavours) of quarks (u,d.s,c,b,t) each coming in three colours:
and six leptons (e, fi, r, ve, v . vr), plus their anti-particles. Besides, there are twelve gauge bosons, comprising
the photon, eight gluons'and W+ W*, Z° According to the standard model, all quarks and leptons are point
objects, with leptons (including the electron) experiencing no strong interactions. On the other hand, the quarks
and gluons are coloured objects and are permanently confined inside hadrons and cannot exist as tree particles
Further, the electromagnetic and the weak interactions are unified into a single force called the electroweak
force.This is reminiscent of the unification of electricity and magnetism by Maxwell.

The standard model, though so successful in explaining all the available experimental data, is unable to
answer several basic questions including the mechanism for generating the masses for quarks, leptons and
massive gauge bosons. Besides, the unification is only partial in this model.In recent years, a truly unified'
theory called superstring theory has been proposed to unify all the four basic interactions. According to this
theory, the basic constituents of nature are not point objects but strings of length 10°3cm. The quarks, leptons
and the gauge bosons are merely the different modes of vibration of such strings. The modem unification ideas
have brought closer the seemingly contrasting worlds of the very small and the very large. In particular, these
ideas hold the promise to explain how the universe evolved after the bigbang, as well as the bigbang singularity
itself.

One disturbing aspect of recent theoretical activities is that they are highly speculative, with no
experimental data to back them up. It is good to remember Bhabha’s views on this issue. As he rightly
emphasises, there may be many logically consistent theories which may nevertheless have nothing to do with
the actual structure of the physical world.

Are we close to an ultimate theory of everything (TOE) or as others would like to say, a truly unified
theory (TUT) ? Again, let us recall what Bhabha says on this matter. According to him, however great the
successes of a theory, unless the success is total and complete, it is always possible that something very
important may have slipped through the net.

Finally, it is good to remember the words of Bhabha that only science and technology can solve the
immense problems facing India. It may be noted here that Bhabha has included both science and technology.
This is very important because in this era of ‘liberalisation’ we think that we only need technology and not
science. It would be a grave mistake if we continue to neglect science at the cost of technology. A way must be
found so that both can go hand in hand. Only then can this country realise her full potential.

Avinash Khare
Institute of Physics, Bhubaneswar 751 005, India
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THIRTY-EIGHTH INDIAN SCIENCE CONGRESS
BANGALORE, 1951

PRESIDENTIAL ADDRESS
Congress President: Dr. H. J. Bkabha, f.rs.
(Delivered on 2nd January, 1951)
The Present Concept of the Physical World.

I express my gratitude to my scientific colleagues from all parts of
India for the honour they have done me by electing me to preside over the
38th Session of the Indian Science Congress. A peculiar accident of fate has
brought about that the Congress over which | am to preside is being held in
this Institute, where | worked for six years from 1940 to 1946 during the
period of the last war and | have great pleasure in recording that they were
six very happy and fruitful years in my life.

I also wish to express on behalf of all of you, and myself our great
appreciation of the fact that our Prime Minister has decided to be present
with us on this occasion. That he flew to Bangalore yesterday, and will fly
immediately after this meeting to Bombay and thence to England on a
mission -of prime importance, is a measure of his great personal interest in
the development of science in India. Were it not for this, scientific develop-
ment would receive much less encouragement and support than it does, in
spite of the fact that only science and technology can solve the immense

problems facing the country, the problems of food shortage, low standard
of living and illiteracy.

The multitude and variety of the phenomena of Nature, which still
fill us with astonishment, must have bewildered and awed primitive man.
It is not strange that he should have sought, on the one hand, to gain some
control over them by investing them with anthropomorphic personality
which could be influenced by entreaty and prayer, and on the other to alter
his immediate physical environment so as to provide some little shelter
or margin of safety against the more hostile acts of nature. This urge
eventually led to the early civilizations and the later developments following
from them. These civilizations depended on a considerable body of practical
knowledge acquired empirically, and some highly developed arts and crafts.
A few' crucial inventions such as that of the horse harness in China, or of the
zero in mathematics in India, had a profound influence on their historical
development. But with a few notable exceptions, scientific activity in the
modern sense did not begin till the Italian renaissance.

Towards the end of the fifteenth century Leonardo da Vinci wrote

in one of his manuscripts which is now in the library of the Institut de
France (G 96 v),1

“ There is no certainty where one can neither apply any of the mathe-
matical sciences nor any of those which are based on the mathematical
sciences.”

1. The Notebooks of Leonardo da Vinci by Edward MacCurdy, Jonathan, Cape,
London 194n.

Reproduced from Proceedings Ihdian Science Congress, Vol.38, 1-11,1951.

(L, —
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This was not the mere expression of a specialist extolling his own subject,
and | quote this sentence because it was written by one who is recognised
as perhaps the most versatile genius the world has known, one who had a
greater mastery of all the various arts and sciences of his time than anyone
since. It expresses the new spirit of the times, a spirit which was to lead
eventually to that vast development which is modern science and techno-
logy. “ The mathematical sciences ” for Leonardo consisted of what had
been handed down of Greek mathematics, while by the sciences based on
the mathematical sciences he understood the applications of geometry to
optics and mechanics. What Leonardo wished to emphasize, | feel, was
that as long as an observation of a natural phenomenon remained couched
in qualitative terms it would not be definite enough to build on, and only
by introducing accurate measurement and quantitative relations into
it could one be certain that it was right or wrong within the limits of accuracy
of the measurements. Some four centuries later Lord Kelvin was to say

“ When you can measure what you are speaking about and express it
in numbers, you know something about it, but when you cannot measure
it, when you cannot express it in numbers, your knowledge is of a
meagre and unsatisfactory kind.”

Once this general approach received fairly wide acceptance, the develop-
ment of science in the modern sense was inevitable.

It was found quite soon that certain properties, which could be stated
in terms of exact measurement, were common to many objects. In certain
cases, therefore, it became possible to state a general property without
specifying the particular object to which it belonged. Such general properties
could then be regarded as laws or regularities of nature which all objects
of a certain type satisfy. One such regularity or law of nature was the one
discovered by Archimedes, that the loss in weight of a body immersed in
water is equal to the weight of the water displaced. Archimedes was indeed
one of the shining forerunners of modern science. It is nevertheless interest-
ing to note that his law is a law in statics. Laws involving the motions of
objects were to come much later. An example of a dynamical law is the
regularity discovered by Galileo, that all heavy bodies fall the same distance
under gravity in a given interval of time irrespective of their weight. Other
regularities of the same type, but which involve more complicated relations

between the objects, are the three laws of Kepler on the motion of the
planets.

It is important to note that laws or regularities of nature of the type
just mentioned are merely empirical statements of properties observed to
be common to a large number of objects. They are all unconnected with
each other. In order to connect up such regularities with each other it may be
necessary to formulate certain more abstract principles or postulates from
which the various observed regularities can be deduced.

Newton’s fundamental laws of motion exemplify this new approach.
Consider his first law, which reads2

“ Every body continues in its state of rest, or of uniform motion in a

right line, unless it is compelled to change that state by a force impressed
upon it.”

2. Oujori, Newton’s Principia—a

revision of Motte’s translation. University of
California Pres3.
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Assuming that we understand intuitively what is meant by rest or uniform
motion in a right line, we may well ask ourselves what is meant by an
impressed force. It we turn to the definitions which Newton has placed a
few pages earlier at the beginning of his Principia, we find the answer in
Definition 1V :

An impressed force is an action exerted upon a body, in order to
change its state, either of rest, or of uniform motion in a right line.”

Expressed in this way Newton’s first law would appear to be a tautology :
One states that a condition A exists unless interfered with by the existence
of B While B is defined to be present when the condition A is interfered
with. It is not the purpose of this discussion to minimize in any way Newton’s
achievement which is one of the greatest monuments in the history of science,
but to understand the real nature of his laws. Let us assume that force can
be defined in some other way than in the above definition so as not to make
the first law a tautology. One might then imagine the first law to be a state-
ment which we arrive at from direct observation through some process of
induction. For example, in commenting on his first law Newton writes

“ Projectiles continue in their motions, so far as they are not retarded
by the resistance of the air, or impelled do-wnwards by the force of
gravity. A top, whose parts by their cohesion are continually drawn
aside from rectilinear motions, does not cease its rotation, otherwise
than as it is retarded by the air. The greater bodies of the planets and
comets, meeting with less resistance in freer spaces, preserve their
motions both progressive and circular for a much longer time.”

The inference is that one may conclude by induction that if we could take
a body into space to a very great distance from all other material bodies
then it would either remain at rest or move in uniform motion in a straight
line. We know today that such an induction cannot be made, and may
indeed not even be true for the actual world. While it is possible mathemati-
cally to assume a world in which Newton’s laws are strictly true, it is equally
possible mathematically to think of worlds in which they are not. This
analysis shows us that strictly speaking Newton’s laws of motion
and gravitation are abstract mathematical statements which he quite rightly
calls axioms. And if they came to be regarded as objectively true it is because
the behaviour of objects which could be deduced from them by mathematical
reasoning agreed with our direct observations. For example, one could
deduce from Newton’s laws the regularity observed by Galileo concerning
the fall of bodies, the three regularities observed by Kepler on the motion
of the planets, and a host of other phenomena. Quite appropriately his
epach-making work was called “ The Mathematical Principles of Natural
Philosophy.”

“ The great importance of the contribution of Newton to the develop-
ment of physics is that it introduced a new approach into science. It led
to the acceptance of the position that the ideas which are to be regarded as
fundamental for the understanding of nature are certain abstract concepts
or postulates which cannot be proved directly, and not the directly observ-
able regularities of nature which can be deduced from them. This position
was accepted because it allows one to order different empirically found
regularities of nature into a unified logical scheme which would not otherwise
be possible.”3

3. H.J. Bhabha, Presidential Address to the Section of Physics, Indian Science
Congress, Calcutta, 19*3.
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“ A consequence of this approach is that any newly discovered fact
of nature which does not fit into the existing scheme of physics may
necessitate a complete change of the fundamental postulates. Since, however,
the old postulates were such that a very large body of observed facts about
nature could be deduced from them, it follows that they must still have
a restricted validity under certain circumstances, and be deducible as
approximations from the new postulates. Although, therefore, every
new discovery which does not fit into the old scheme necessitates a com-
plete change of the fundamental postulates, the change is always from a
certain set of concepts to a set of more general concepts. As one goes deeper
and deeper into the understanding of nature by co-ordinating all the known
facts into one scheme by the use of wider concepts as the basic postulates,
the old fundamental postulates become, in a sense, a part of the super-
structure, taking a place in between the new fundamental concepts and the
directly observed regularities of nature.

As an example of this process of generalization of the basic concepts,
one may recapitulate the well-known development from the pre-relativity
concepts of an absolute space and an absolute time to the more general
concept of the unified space-time of the theory of relativity. In pre-relativity
physics, in recognition of the arbitrariness of the orientation of the three
axes of the frame of reference, the natural laws were formulated so as to
be invariant for all rotations of the space axes. Time, on the other hand,
was assumed to be absolute and the same for all observers. However, in
consequence of the observation that the velocity of light c is the same for
all observers in uniform motion relative to each other, the idea of absolute
rest has had to be discarded leading to the principle of relativity, which
demands that the laws of nature should be so formulated as to have the
same form for all observers moving relative to each other with uniform
velocity. Stated mathematically, the special theory requires that the funda-
mental equations shall be invariant for all transformations of the Lorentz
group, whereas in pre-relativity physics the laws were only invariant for all
transformations of the three dimensional rotation group, which is a sub-
group of the Lorentz group.”

The above example also serves to show how the basic concepts of a
theory may be radically changed, while still retaining most of the notions
of the earlier theory, but recognising them to be of limited validity, true
not universally but only in certain circumstances. Thus, the absolute distinc-
tion .between a time interval and a space interval in pre-relativity physics
is replaced in relativity theory by the absolute distinction between time-like
and space-like intervals, while the notion of the absoluteness of time of
the earlier theory is seen to be approximately correct in the new theory for

a group of observers moving relative to each other with velocities small
compared with that of light.

A widening of the basic concepts automatically reduces the amount
of arbitrariness in the theory. For example, in pre-relativity theory the force
between two bodies could be taken to be entirely arbitrary. In relativity
theory, on the contrary, the force has necessarily to be conveyed through
the medium of a field. The basic differential equations which any field has
to satisfy in relativistic theory are drastically restricted in their variety
by the same requirement of relativistic invariance, bo that there is a very

limited freedom in the choice of the form of the force which can be exerted
between two particles.
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When a science reaches an advanced stage, as physics undoubtedly
has today, the facts which can be discovered by direct observation become
more and more meagre. We may expect, for example, to be able to discover
by experiment the masses of the various types of elementary particles, the
different processes which they undergo, their general behaviour in passing
through substances of different types and so on. It is, however, inconceivable
that an equation like the Dirac equation could be deduced by direct observa-
tion in some such way as Maxwell deduced the equations of the electro-
magnetic field. There is, therefore, no other path open to us but to proceed
along the lines | have indicated above. In such an advanced stage however
we have certain compensating advantages. We have a number of theories
to fall back upon with the knowledge that each correctly describes a large
body of experimental evidence in certain circumstances. We can, therefore,
attempt to proceed by evolving new theories which reduce to the-previously
known ones in the circumstances in which the latter are known to be correct.
As | have stated on a previous occasion then “ The aim of theoretical physics
must he to find a complete set of mutually consistent mathematical postu-
lates or axioms from which the properties of nature, meaning thereby the
result of every conceivable experiment, can he deduced in the form of a
series of theorems. It is, however, necessary in order to achieve the last
step of comparing the mathematical statements of the theorems with the
results’ of observation that the basic mathematical postulates must be
supplemented by a set of prescriptions about the interpretation of the
mathematical formalism. It is clearly not sufficient that the postulates should
be consistent and their correctness from the point of view of physics can
only be demonstrated by an agreement between the deductions and the
results of experiment.”*

It is most important to distinguish this approach from the one which
assumes that one can arrive at the laws of nature by pure thought and
epistemological reasoning. The latter approach has neither met with much
success, nor proved particularly fruitful in promoting an understanding of
the physical world. In our approach, on the contrary, we recognized that
it may be possible to build many logically consistent theories which have
nevertheless nothing to do with the actual structure of the physical world.
Theories in pure mathematics provide many such examples. If any set of
axioms or postulates can claim to correspond to reality it is because the
deductions from them stand the test of agreeing with the results of experi-
ment.

We must turn now to review the development of our picture of the
physical world resulting from recent discoveries. It had already been
established by the end of the last century that the multitude of substances
in nature are all made up by the chemical combinations of a certain number
of basic substances called the chemical elements. The smallest unit of a
given chemical element was called an atom. The combinations of these
atoms, either of the same element or of different elements gives rise to
chemical compounds, which compose the body of all the substances that we
meet in nature.

Investigation on the conduction of electricity through gases led
Thomson towards the end of the last century to the discovery of the fact
that this conduction could be attributed to a particle of negative charge
having always the same ratio of charge to mass irrespective of the substanoe

4. H 3. Ehabha, Reviews of Modern PhysicB, 21; 461, 1949
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under investigation. Moreover, this mass was some thousand times smaller
than that of a positive ion. Subsequent researches have established the
fact that there is a smallest unit of negative electricity, smaller sub-divisions
of it not being found in nature, and that all negative electricity appears in
integral multiples of this smallest unit, which is now denoted by e. Thus it
came to be established that there was a type of particle, called an electron,
which always possessed the same negative charge e and the same mass m,
which was somehow contained in atoms, and whose behaviour was responsible
for the phenomenon of electricity.

Since an atom is an electrically neutral body, it follows that if electrons
are contained in it, then it must also contain an equal amount of positive
charge. It was not clear at the time how the electrons and the positive
charges of electricity were distributed in an atom. For example, were the
electrons embedded in a uniform medium of positive electricity, rather
like plums ill a cake ? Or were they like planets revolving round a sun of
positive charge ? The answer to this important question was furnished by
Rutherford in 1911. He showed by a study of the scattering of a particles that
the true picture of the atom was to consider it like a solar system in which
the electrons move like planets round a heavy centre called the nucleus in
which all the positive charge and most of the mass of the atom is concen-
trated. Since the negative charge inside the atom depended on the number
of’electrons in it and was an integral multiple of e, the positive charge on
the nucleus had likewise to be an integral multiple of e. It was soon esta-
blished that the number of units of positive charge on the nucleus determined
the chemical properties of the atom, and that there were 92 such chemical
elements ranging from the lightest, hydrogen, to the heaviest, uranium,
with 1 to 92 positive units of charge on the nucleus respectively.

The mass of the nucleus of the lightest element, hydrogen, containing
just one unit of positive electricity, was found to be always precisely the
same, and some 1810 times the mass of the electron. Sinco this nucleus of
hydrogen never broke up into smaller fragments, it became convenient
to regard it as a new type of fundamental entity, a new elementary particle,
called a proton.

Further researches showed that the mass of any atom was always
almost precisely an integral multiple of the mass of the proton, while its
charge was a smaller integral multiple of the charge of the proton. These
facts led one at the time to accept a picture of the nucleus which made it
appear to be made up of protons and electrons only. The number of protons
was sufficient to make up the mass of the nucleus, while a certain number
of electrons were added inside the nucleus to neutralize the charge of some
of the protons and make the total positive charge equal to the actual charge
of the particular nucleus. Thus round about 1930, our picture of the physical
world appeared.to be remarkably simple. The whole material world was
thought of as made up of just two types of elementary particles, protons
and electrons. By suitable arrangements of these one built up the atoms
of the chemical elements. And from suitable arrangements of the latter
every other material thing that was found in nature. Light, or in more
general terms, electro-magnetic radiation, or photons, and gravitation,
were the only two other physical entities found in nature.

A scientist at that time could have thought, as many did think,
that when one knew the mathematical laws governing the behaviour of these
four elementary types of physical entities, the protons, electrons, photons
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and gravitation, one would know everything of a fundamental nature that
there was to know of the physical world, and physics in principle would
be a subject which had reached its destination. The subsequent development
of the last twenty years shows us how far this belief was from the truth.
It shows in a striking manner that however great the successes of a theory,
unless this success is complete and total, it is always possible that some-
thing very important may have slipped through the net. The apparently
small but persistent difficulties or inconsistencies in a theory, or small
discrepancies between theory and observation, may be essentially unbridge-

able within the framework of the basic concepts of that theory and yield the
clue to new ideas.

What were these difficulties of whichJ have spoken ? In order to make
a body spin about itself like a top we have to impart to it energy and some-
thing called angular momentum. It is found that like electricity, which
occurs in nature only in integral multiples of the basic unit e, so angular
momentum also occurs only in integral multiples of a basic unit which is just
Planck’s constant divided by that is h/%ji. Spectroscopic analysis has shown
that the two elementary particles, the proton and the electron, each possesses
an intrinsic angular momentum or spin of one unit which arises, so to speak,
from its spinning about itself like a top. On the other hand, angular momen-
tum which arises from one body moving bodily round another is always
an even integral multiple of the basic unit, that is either zero or two or
four etc. times hArc. Spectroscopic analysis shows that the spin of a nucleus
containing an cid number of heavy particles, that is an odd number of
protons in our picture, is always an odd multiple of the basic unit much
as if the electrons in the nucleus did not contribute to the spin at all, unlike
the electrons outside the nucleus each of which must contribute an odd
number of units due to its intrinsic spin and its bodily motion. Secondly,
both protons and electrons satisfy a law which the theoretical physicist calls
Fermi Dirac statistics. It can be shown then that a nucleus containing
an odd number of protons plus electrons must also satisfy the same
statistics so that in a molecule composed of two such atoms only certain
spectral lines must appear and not others. Experiment again shows that
the statistics of such nuclei appear to depend only on the number of heavy
particles in the nucleus and not on the total number of protons plus electrons
in our picture. In fact all the nuclei seem to behave as if the electrons which
were supposed to be in them only manifested their electric charge but neither
their spin nor their statistics. A bold attempt to face this difficulty would
soon have led one to the view that nuclei were not composed of protons and
electrons but rather of protons and some hitherto unknown particle having
to a very high degree the same mass as the proton, the same spin and satis-
fying the same statistics. A particle of this description was discovered by
Chadwick in 1931 and was called a neutron. It had to be accepted as a new
elementary particle and not a composite structure made up of a proton
and an electron for the same reason that prevented us from thinking consis-
tently of the nucleus as being made up of protons and electrons. It
immediately led to the acceptance of the picture that all nuclei are composed
of only two types of particles, protons and neutron. The number of types of
elementary particles was thus increased by one.

The acceptance of the neutron as an elementary particle, however,
introduced a new feature into our concept of the elementary particles. Fot-it
had been known for a long time that certain nuclei, as for example those of
the radio active elements, emit electrons every now and then. One can only
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fit this fact into the picture by assuming that when such an electron is
emitted from the nucleus it is in fact newly created in the process and that
simultaneously a neutron in the nucleus changes into a proton thus we
have to admit the possibility that while the elementary particles are not
composite, and that as long as they exist they are immutable with absolutely
constant properties, nevertheless there are occasions when one or more such
particles can disappear altogether with the simultaneous creation of another
set For example, a neutron may disappear and give place to a proton and
an electron. Since the neutron, proton and electron all have * * Kk
and the bodily motion of these particles can only contribute an even mul.iple
of hi47l the conservation of angular momentum and statistical properties
compels us to postulate that there must be yet another elementary partic e
called, a neutrino by Pauli, which possesses no charge, a mass negligible
compared with that of the electron and a spin of one unit (h/in).

In 1931 Anderson reported a photograph which seemed to be that
of a particle of the same mass as an election and haying one unit of positive
instead of negative electric charge. The experimental advance of making the
cosmic rays themselves take their own photographs instead of taking photo-
graphs at'random in a Wilson Chamber then enabled Blackett and Occb.alm.
foon afterwards to discover a new phenomenon called cosmic ray showers.
Although cosmic rays are a relatively rare event Blackett and Occhiakni
showeds that very frequently many such rays occurred m a shower and
subsequent work has demonstrated that such showers of particles are pro-
duced by cosmic rays when they pass through matter as for example sheets
of lead placed in the Wilson Chamber. Blackett and Occhialmi showed that
their showers contained not only the usual electrons but a comparable number
of electrons with the opposite charge. With this, the existence o. the positron,
as this new particle was called, was established.

The existence of the positron could be understood immediately in terms
of an equation for the electron which Dirac had put forward m .928 and
which combined in it for the first time the ideas underlying the theories of
relativity and quantum mechanics. Dirac had already shown that certain
apparent difficulties in his theory could be understood as expressing on the
one hand the existence of a particle of equal but opposite charge to that
of the electron and on the other the possibility of a pair of such positive
and negative particles being created by the materialization of energy
of their annihilation with the transformation of their mass energy into radia-
tion Subsequent experiments have fully confirmed the correctness of these
basic processes predicted by the theory. Nevertheless, a consequence of
this theory was that no electron or photon of even the highest energy could
penetrate ~arge amounts of matter, while a growing body of evidence from
cosmic ray experiments indicated that particles which looked like electrons
did in fact penetrate gTeat thicknesses of matter. Thus, there seemed to
be evidence that quantum theory failed for very high energy electrons while
at the same time there was no theory to explain the phenomenon of the
cosmic ray showers. It was only when the Cascade Theory put forward
bv Heitle/and the present author showed that the existence of cosmic ray
showers and the behaviour of the soft component of cosmic rays in the
atmosphere and in dense substances could be explained on the basis
of quantum theory was it possible to conclude that the electron-like bracks
of particle? which did not behave completely like electrons nor like protons
must be due to a new type of particle having an intermediate mass. Thus
the existence of a new particle called the meson, with a mass some .04
times that of the electron came to be established in 1938.
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A particle with a mass of this order of magnitude had already been
envisaged by Yukawa in 1935 in an attempt to explain the short range nature
of nuclear forces, that is the forces between two particles in the nucleus of
an atom, as for example a proton and a neutron. The observed mesons
therefore, came to be regarded as the agency responsible for nuclear forces
and in accordance with this picture the beta decay was then considered as
due to the decay of virtual mesons emitted by nuclei. Research carried out
since the end of the war has demonstrated that the picture was again not
as simple as it was then supposed to be. Firstly, although the decay of
mesons into electrons has been confirmed by experiment, more accurate
experiments have shown that the electrons are emitted with a continuous
distribution of energies and not with a sharply defined energy as originally
supposed. This inevitably leads to the conclusion that in the process of the

decay of a meson into an electron not one but two neutral particles must
be emitted.

Secondly the identification of the observed cosmic ray mesons with
the particles responsible for nuclear forces inevitably requires them to have
a strong interaction with nuclei, whereas the mesons observed in cosmic
rays were seen to penetrate large amount of matter with but a very weak
interaction with nuclei. A serious attempt to face this difficulty might
easily have led one to the conclusion that the particles responsible for nuclear
forces were not in fact the observed mesons. This conclusion was, however,
not accepted until the studies by Powell and his group of the tracks of
cosmic ray particles in special photographic plates had shown that there are
in fact two types of mesons with two different masses, and that the one type
decays into the other with a period of about one hundred millionth part of
a second. The two types of mesons are now known as pi and mu mesons
respectively. The meson generally seen in cloud chamber photographs are
the mu mesons whereas the pi mesons are the ones which are now identified
as being responsible for nuclear forces. In accordance with this picture one
would have to attribute an even integral spin (in units of h/4rt) to pi-mesons.
The mass of pi-mesons, or pions as they are called in short, as determined
from a study of the density of the tracks they produce in special photographic
plates appears to be in the neighbourhood of 286 times that of the electron.

More recent experiments with the large cyclotron at Berkeley and
elsewhere have led to the discovery of yet a new elementary particle a neutral
pion, that is a pion with practically the same mass as the charged pion but
with no electric charge. Although such a neutral pion interacts strongly with
nuclei, nevertheless it cannot be observed directly in a photographio plate
or in a cloud chamber due to the fact that it does not possess an electric
charge and therefore does not ionize. Despite this, however, it has been
possible to ascertain its mass with very great accuracy. The reason is that
a neutral pion decays spontaneously in a time of the order of a hundred
million millionth part of a second into two gamma rays. Experiments at
Berkeley have shown that when a negative pion hits a proton the latter is
transformed into a neutron with the emission of a quantum of radiation
carrying away the entire mass energy of the pion, that is some 140 million
electron volts. But there is another alternative which can result from this
collision, namely the conversion of the proton into neutron with the emission
of a neutral pion. The neutral pion then decays immediately into two
photons with roughly half the energy of the original pion namely seventy
million electron volts. However, the neutral pion that is emitted decays
while in motion, thus resulting in a certain spread in the energy of the two
gamma rays. From this spread one can calculate the kinetic energy of the
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emitted neutral pion and from this again the difference in mass between the
neutral and the negative pion. In this way one finds that the mass of a neutral
pion is only a few electron masses less than that of a charged pion.

Rossi has shown that in cosmic rays some two-third of the total energy
is converted into charged penetrating particles while one-third disappears
into neutral charged particles. Since charged pions can have a positive
or a negative charge, it follows from this that the interactions of a positive,
a negative or a neutral pion with a nucleon are roughly of the same magnitude.

I now come to particles whose existence is highly probably though
not absolutely certain. In 1947 Rochester and Butler in Blackett s laboratory
reported certain unusual events which they had observed in a Wilson
Chamber. They occasionally saw the tracks of charged particles which seemed
to show an abrupt change in their direction in the gas of the chamber.
They showed that it was difficult to interpiet these tracks as due to scattering
in the gas for two reasons. Firstly no recoil nucleus in the gas was visible.
Secondly it would be difficult to understand why a particle should have
such a great likelihood of collision while passing through the ratified medium
of a gas and yet pass through dense matter like a lead plate without suffering
any collision at all. They put forward the explanation that these forks were
due to the spontaneous decay of a charged partir.e into another charged
particle and a neutral one. Experiments at present being carried out at
Pic-du-Midi and Jungfraujoch are rapidly producing further evidence that
this interpretation is correct. It would be consistent with the present evidence
to interpret the charged particle resulting from the decay as a pion. Whether
all the original particles are of the same type is not a question that can be
answered at present. Most of the particles appear to have a mass in the
neighbourhood of 800 times the electron mass. But there is some indication
that there may also be particles of this type with masses more than a thousand
times that of the electron. Rochester and Butler and more recently Butler
and his collaborators have also produced evidence to show that neutral
particles of corresponding mass exist which seem to decay into two charged
particles in the same way.

Lastly one should mention the case of a particle observed by Powell
and his group and called by him a tau meson, which came to the end of
its range and emitted three mesons of which one is certainly a pion.

We see now that at least nine different types of elementary physical
entities exist in nature, while the existence of two more is almost certain.
While experiments may give us information about the masses of these
particles their mutual interactions and the processes in which they talie
part it seems inconceivable that an experiment would enable us to deduce
directly the mathematical equation describing the behaviour of any such
particle. We can only hope to set up the mathematical equations governing
the behaviour of these particles by taking as our guides certain well known
principles, as for example the principle of relativity and the ideas underlying
guantum mechanics. Even such a clearly defined property as the spin ot an
elementary particle is not something we can hope to measure directly in
the case of particles like the meson but must infer it from considerations ol
the processes in which they take part, by comparing the behaviour of particles
of different spins as predicted by theory with the experimental observations.

The circumstance that there are a dozen different types of elementary
particles in nature would lead us to expect that there may be many more,
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and indeed with our present knowledge we cannot exclude the possibility
that there may be an infinite number of them. This does not mean,
however, that we shall never be able to obtain a complete description of them
all. There are, for example, an infinity of lines in the spectrum of hydrogen
and yet we possess today not only a formula which in one neat expression
contains the energies of all these lines but also a mathematical theory which
allows us to calculate all the stable states of the hydrogen atom
other properties such as the scattering of electrons by atoms, their
creation by photons, and even more complicated properties like the nature
of the chemical bond between two hydrogen atoms. It is, therefore, quite
possible that with increasing knowledge we may be able to find the formula
which gives us the masses of all the elementary particles and the general

principles which will allow us to deduce the equation satisfied by a particle
of any particular mass.

Lorentz at the beginning of this century regarded the charge of an
electron as a property of the electron and tried to explain its mass as due to
the energy of the electromagnetic field associated with that charge. The
idea that the mass of the elementary particle is wholly of field origin has
had to be abandoned today because we know a number of elementary
particles all having the same electrical charge but different masses. On the
other band one is faced with the fact that whenever the electromagnetic
field interacts with any other type of physical entity, be it an electron, a
meson or a proton, then the measure of this interaction, namely the charge
of the partiole, is always the same. From a phenomenological point of view,
therefore, we would be more justified today in considering the electric
charge e of an elementary particle as a property of the electromagnetic
field rather than of the particle, while considering the mass of the particle
as an intrinsic property of the particle, unconnected with its interaction
with the electromagnetic field. Our approach to this problem today should
therefore be just the opposite of that of Lorentz. If the electric charge e is
to be considered as a property of the electromagnetic field, as | have suggested,
then since the only unit associated with the field in which it could be measured
is the square root of Planck’s constant multiplied by the velocity of light,
we should consider this ratio, or its square €*/Acto be an intrinsic property
of the electromagnetic field. The dimensionless constant eJ¥Ac would then
appear to be a number associated with the electromagnetic field and not a
universal constant of nature, of the same statuB as Planck’s constant h or

the velocity of light ¢ which enter into the description of other elementara/
particles.

It is clear that we are now penetrating into a new level of nature which
was practically unknown some twenty years ago. | have pointed out earlier
that although there may be an infinite number of types ofelementary particles
nevertheless this fact in itself does not necessarily force the conclusion that
we will never be able to describe nature fully or to explain the physical world
exhaustively. On the other hand we cannot be certain with our present
knowledge that a complete mathematical theory of the physical world can
be based upon a finite number of postulates, and if this were not so we would
be faced with a situation in which we could never hope to give an exhaustive
description of everything there is in nature, but only to extend with the
flow of time the region which we had explored and understood.
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Glimpses of R & D Work in BARC

It was in December 1939 that the existence of nuclear energy came to be known to the world
when the first paper on nuclear fission reaction was published in Nature. Even before the fact
that the feasibility of a sustained fission chain reaction was demonstrated in Chicago was
made known to the world, Homi Jehangir Bhabha initiated efforts in March 1944 to start
nuclear research in India so that when nuclear energy is successfully applied for power
production, India will not have to look abroad for experts but will find them ready at hand.
The Tata Institute of Fundamental Research was started in 1945 with Bhabha as its Director.
After India gained independence, on March 23, 1948 Prime Minister Pandit Jawaharlal
Nehru introduced in Parliament a bill to develop and promote the use of atomic energy.
While introducing the bill Pandit Nehru remarked “because ofthe powerful tools that
atomic energy provides for unravelling and understanding the processes of life, because of
the new weapons it'gives for fighting disease and for the alleviation of human suffering,
and because of the concentrated source of power it puts in our hands for peaceful purposes,
man took one of the greatest strides forward in history by discovering how to release
atomic energy.” This
bill was passed and
became the Atomic
Energy Act of April
1948. The Atomic
Energy Commission
was set up in August
1948. In January
1954 the  Atomic
Energy Commission
decided to setup the
Atomic Energy
Establishment,
Trombay which was
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renamed as Bhabha Atomic Research Centre in January 1967.

I he first scientist whom Bhabha recruited for the Atomic Energy Commission was
abiologist. This illustrates the importance of biological research in the peaceful applications
of nuclear energy. One of the first facilities that was set up at Trombay was the 1MW
research reactor, Apsara, which became operational in 1956. Research in different branches
of physics, chemistry and metallurgy were initiated as a part of the atomic energy
programme under the aegis of TIFR even before the Atomic Energy Establishment,
Trombay came into formal existence. Electronics is another area which is essential for
the application of nuclear energy for any kind of nuclear research.

After Apsara, which is still in operation, BARC went on to build a zero energy experi-
mental reactor named ZERLINA, a40MW research reactor, Cirus, a plutonium fuelled fast
reactor, Purnima-I, a 100 MW high flux research reactor, Dhruva, a Uranium-233 solution
fuelled critical facility, Purnima-Il, and a Plutonium fuelled mock up facility, Purnima-
I11, at Trombay, which was installed as a 30 kw neutron source reactor called KAMINI at
the Indira Gandhi Centre for Atomic Research at Kalpakkam. The ZERLINA reactorwas
primarily meant to be a facility where the neutronics behaviour ofdifferent types of reactor
lattices would be studied in order to refine the analytical tools used in the design of large
research reactors and power reactors. After successfully using ZERLINA reactor for this
purpv'se for about 20 years it was de-commissioned in 1984.

Basic studies aimed at gaining better understanding of nuclear fission and other
nuclear reactions, use of neutron diffraction and neutron scattering to study a multitude
of characteristics of different materials, irradiation of nuclear fuel assemblies in order to eva-
luate the performance of the fuel assemblies in a power reactor and irradiation of various
materials in order to produce a variety of radioactive isotopes are some of the purposes for
which the research reactors at Trombay have been used.

Physical Sciences: In BARC, there are strong research groups in a number of areas
such as nuclear physics, lasers, solid state physics, crystallography, reactor physics,
spectroscopy, seismology and gamma ray astronomy. The research reactors and the accelerator
facilities built and operated by this centre have provided the foundation for the basic research
that is carried out in many frontier areas of nuclear physics and condensed matter physics.
BARC is also in the forefront of designing and building complete state of the art computer
nstrumentation for its various programmes in basic and applied research in physics.

Experimental nuclear physics programme utilises the Dhruva and the Cirus reactors,
the 5.5 million volt van de Graaff accelerator, the 2 MV Tandem accelerator, the variable
energy cyclotron in Calcutta and 14 MV pelletron accelerator at TIFR. Theoretical
investigations to elucidate the structure of nuclei and for understanding a variety of reaction
mechanisms are being carried out.
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The original van deGraaff accelerator at Trombay was converted recently into a
7 million volt folded tandem ion accelerator (FOTIA), for more advanced studies. In con-
densed matter research, investigations using neutron beams from the Dhruva and the Cirus
reactors constitute the major programme. A number of techniques have been developed.
These include X-ray diffraction, laser Raman scattering, Mossbauer spectroscopy, gamma
ray Compton scattering, positron annihilation, and Auger electron spectroscopy.

Using neutrons and X-ray beams, structural investigations of a variety of solids are
being carried out, including those of biological importance. Neutron beams are also being
used for the study of phonon spectra, elucidation of magnetic structures of solids and for
dynamical studies of liquids and molecular systems. Positron annihilation and Compton
profile studies are being carried out to understand electronic states in solids. Mossbauei
spectroscopy is being employed for the study of cooperative phenomena as well as for
corrosion studies. Laser Raman scattering investigations are being conducted for eluci-
dating the nature of phase transitions in many solids. These studies are being supplemented
by other techniques such as birefringence measurements and neutron scattering.

Facilities have been developed in BARC for carrying out investigations on solids
under high pressure and on accompanying phase transitions. Theoretical studies have
provided a new model for the equation of state in the difficult intermediate’ pressure region
of 5 to 100 Megabars. The Centre also possesses good cryogenic facilities such as helium
liquifiers, superconducting solenoids and cryostats to extend some of the measurement
techniques to very low temperatures.

A variety of new devices and spectrometers for utilising the neutron beams available
from the Dhruva reactor were built. These include hot and cold neutron sources, a guide
tube laboratory and automated neutron spectrometers. A hallmark of condensed matter
research activity has been an intense effort to indigenously develop sophisticated complex
experimental equipment including lasers, computer controlled diffractometers and neutron
spectrometers.

Excellent facilities are available at Trombay for high resolution spectroscopic
studies. These are being utilised for the study of a variety of molecules in addition to
spectral studies of rare earth ions. New band systems have been obtained for many diatomic
and simple polyatomic molecules in microwave discharge and by flash photolysis. Fine
structure analysis ofthe band systems has led to accurate evaluation of rotational constants.
A vacuum ultraviolet Saya-Namioka monochromator has been built and is being used for
carrying out spectroscopic studies of excited ions using tandem accelerator.

Chemical Sciences: Basic research in the field of chemical sciences is directed
towards areas such as chemical dynamics, radiation and photochemistry, laser chemistry,
interfacial phenomena, catalysis, radiation damage studies on organometallics, high pressure
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studies on materials, transport properties of metal oxides and hydrogen storage materials.

The interaction of high energy radiations like gamma rays, electrons and alpha
particles in the MeV energy range with materials in agueous and organic environment is
afrontier area of both fundamental and applied importance. Work in this area has resulted
in the development of new routes for radiation synthesis, catalysis, polymerisation,
vulcanisation of natural rubber, etc. Development of radiation gelled and encapsulated
biomedical devices for diagnosis and blood purification, pressure sensitive adhesives and
diamond film deposition techniques are some of the significant achievements.

Dynamics of ultrafast reactions ranging from billionth of asecond to trillionth of a
second are studied to determine how energy deposited in achemical environment is utilised
for the purpose of chemical reactions, how the reactions themselves evolve and go through
several intermediate stages and in what way the reactions and their energetics can be
channelised in specific directions.

Development of high purity materials forms an integral part of a successful nuclear
energy programme.

Analytical methodology has been developed for estimation of impurities present in
parts per million or lower concentration in materials of interest in the nuclear programme
using advanced techniques like neutron activation, mass spectrometry, atomic absorption
and electroanalytical methods. Application of nudear analytical methods to geochemistry,
forensic science and for ultratrace analysis forms an important part of this work.

The continuing emphasis on both fundamental and applied aspects of chemistry has
resulted in important spin-offs such as instruments based on gas chromatography
including automatic process analysers, microsecond flash photolysis apparatus, tempera-
ture jump apparatus for chemical relaxation studies, electrochemical instruments and
nuclear instruments for nondestructive assay, processes pertaining to heterogeneous noble
metal catalysts for heavy water production, radiation processes for production of superfine
metal powder, novel polymers and polymer composites including radiation grafting, and
use of laser photochemistry for isotopic enrichment.

Basic studies in all branches of science and engineering are encouraged in BARC.
Dynamics of ultra fast reactions taking place in billionth of a second, gas chromatography,
development of bio-pesticides and food preservatives are all areas in which scientists and
engineers work in BARC. Development ofsuperconductor based magnets, liquid crystals,
linear accelerators for medical and other applications, low temperature physics, memory
alloys, biotechnology, development of new radiopharmaceuticals etc. are some ofthe fields
in which BARC scientists work.

Computers are essential for any scientific work in the present day world. Getting
numerical and analytical solutions to problems, simulation of various phenomena, and data
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capturing and processing need fast computers. Starting from indigenously available
microprocessors, and using ingenious architecture, computer scientists in BARC developed
a parallel processor based supercomputer which was found useful not only for solving
problems on which BARC scientists are working, but also by the aeronautical engineers for
simulating aerodynamics of certain new designs of aeroplanes.

Nondestructive testing and quality assurance in manufacturing processes are
important activities in a nuclear power programme. Expertise developed by some of the
BARC engineers and scientists in those areas are of such a high standard that other indus-
tries also call upon BARC for getting specialised service in these areas.

The motto of BARC is to support good work which is relevant to the nuclear
programme, which includes power generation, utilisation ofresearch reactors and use of
radio isotopes; and to encourage research of high quality even if it is not directly related to
the nuclear programme. Relevance and excellence are the key words in performance
evaluation.

M R Balakrishnan, Head, Library & Information Division
Bhabha Atomic Research Centre, Mumbai (Bombay) 400085 India.
Email:mrbala@ magnum.barc.ernet.in
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“l had the idea that after the war | would acceptajob in agood university in Europe or America,
because universities like Cambridge or Princeton provide an atmosphere which noplace in India
provides at the moment. But in the last two years, | have come more and more to the view that
provided proper appreciation and financial support are forthcoming, it is one’ duty to stay in
one’s own country and build up schools comparable with those that other countries arefortunate
in possessing.

HomiJ Bhabha in a letter to Sir Sorab Saklatvala dated 12 March 1944.

“For every thousand scientists who can do reasonably good work in agood scientific atmosphere,
there is only one who can create the atmosphere for himselfin aplace where it does not exist, and
this alone is a test of the outstanding scientist”

HomiJ Bhabha in a letter to B M Udgaonkar dated 8 July 1963.

Homi J Bhabha (1909-1966), sculptor B Vithal, courtesy Tata Institute of Fundamental
Research, Mumbai. Also see Article-in-a-box on pp.3-5.



KRN-A 326

Resonance - July 1998 ISSN 0971-8044

Horni Jehangir Bhabha

(1909 - 1966)

Registered with Registrar of Newspapers in India vide Regn. No. 66273/96.

Tholasi Prints India



